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ABSTRACT
I. SYNTHESIS AND DYNAMIC STUDIES OF 
BIFUNCTIONAL COMPOUNDS HAVING POTENTIAL 
INTRAMOLECULAR INTERACTIONS
H. CONTROLLED RELEASE ANTIFOULING COATINGS: 
APPROACHES TO CONTROLLED RELEASE OF GAMMA- 
DECANOLACTONE AND 2-HEXANOYLFURAN 
INTO SEAWATER
By
Craig A. West 
University of New Hampshire, December, 1995
I. Potentially reactive, bifunctional compounds 1 and 127 have been 
studied, and both compounds have been found to undergo rapid base- 
catalyzed degenerate topomerization. The topomerization processes, which 
in the case of 1 represents a degenerate transamidation and in the case of 127 a 
degenerate transesterification, have been studied in acetonitrile-d3 and D2O 
under a variety of conditions by the DNMR method. In both cases, the 
presence of a stable tetrahedral anion intermediate can be inferred from 
analysis of NMR and IR spectra. In the case of 1, the unusually high rate of 
topomerization can be attributed to the presence of a transannular donor- 
acceptor interaction and a strained urea functionality. In 127, the rate
xxv
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enhancement is attributed to a favorable entropic situation with respect to an 
intermolecular reaction of the same type.
In addition to the base catalysis studies, acid-catalysis studies of other 
amino-ureas such as 9 and 10 were carried out in D2O. The rate of 
topomerization of 10 was slow on the NMR time scale under acid catalysis.
The rate of topomerization of 9 could be quantified by a 2D NMR method.
II. The release characteristics of biofouling inhibitors 160 and 161 from 
various ablative and nonablative matrices into artificial seawater have been 
studied. The goal of these release experiments was to achieve 30-day 
controlled, sustained release of inhibitor from a matrix into artificial seawater 
at a level which was considered effective to inhibit fouling of marine surfaces. 
It was found that encapsulation of 161 in a polymeric matrix and dispersion of 
161-containing capsules in a vinyl, nonablative coating provided a succesful 
method for achieving this goal. Release rates of inhibitors 160 and 161 from 
various matrices are summarized and discussed.
xxvi
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PART I
SYNTHESIS AND DYNAMIC STUDIES OF 
BIFUNCTIONAL COMPOUNDS HAVING POTENTIAL 
INTRAMOLECULAR INTERACTIONS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I
STUDIES OF TRANSAMIDATION IN 
AMINO-UREAS
I. INTRODUCTION
Intramolecular interactions are possible when two potentially reactive 
functional groups are built into the same molecule. When the two 
functional groups are built into a medium ring and are properly oriented, 
these interactions are known as transannular interactions. Transannular 
interactions can be attractive or repulsive in nature. All references to 
transannular interactions discussed herein refer to attractive-type 
interactions. Existence of interactions of this type can have important 
consequences on ground state conformation and reactivity. These 
interactions have been observed between a number of different functional 
groups and have been studied by various spectroscopic techniques such as IR,i 
NMR,2 X-ray,3 and UV.4
Bicyclic amino-ureas 1-4 have been prepared and studied by Weisman 
and Alder.5,6,7 in each case, the effect of the donor-acceptor transannular 
interaction between the urea carbonyl group and the amino nitrogen lone 
pair has been studied with respect to the ground-state conformation and
2
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reactivity under various conditions. Each of these compounds has been 
prepared either directly or by a multistep route from the respective triamines 
5-8 (Scheme 1-1). Of these bicyclic amino-ureas, 1 is of particular interest due 
to its enhanced transannular reactivity relative to typical ureas.
Scheme 1-1
Wang has demonstrated that amino-urea 1 undergoes rapid topomerization 
(degenerate transamidation) in the presence of an acid catalyst.6 We have 
found that degenerate transamidation in amino-urea 1 is extraordinarily 
rapid under base-catalysis conditions as well. In addition, rates of acid- 
catalyzed transamidation of an analogous monocyclic amino-urea 9 and the 
acyclic model reaction between tetramethylurea and diethylamine were 
carried out to determine the effective molarity (EM) for the intramolecular 
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O H
9
Amino-urea 10 was also synthesized and its reactivity toward 
transamidation under acid- and base-catalysis conditions was studied. Unlike 
amino-urea 1 , the rate of transamidation of amino-urea 10 was slow on the 
NMR timescale under any experimental conditions.
Furthermore, the synthesis of 11 was attempted. It is believed that 
intramolecular donor-acceptor interactions in this amino-urea would impart 
interesting properties to this compound in terms of ground state geometry 
and urea reactivity. The incomplete synthesis and computational studies of 
11 are discussed. In the following background section, proximity effects on 
rates of organic reactions, mechanism and examples of amide aminolysis, and 
NMR techniques employed for measuring rates of dynamic processes are 
briefly reviewed.
H \ ___ /  H
10
4
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II. BACKGROUND
Proximity Effects and Rates of Intramolecular Reactions
It has been well documented that intramolecular reactions often 
proceed much faster than their intermolecular counterparts. Exceptionally 
enhanced reaction rates for many intramolecular reactions have led to the 
belief that this phenomenon is due to "proximity effects".8^  Proximity effects 
occur as a result of the close positioning of reacting functionalities within a 
molecular framework and potentially lead to rate enhancements much in the 
same way as reaction rates are enhanced in enzymatic reactions. However, 
the exact source of rate enhancements has been the subject of intense debate 
in the literature for many years and, to date, no universally accepted single 
explanation has been put forward.
Among the first explanations of fast intramolecular reaction rates was 
Koshland's orbital steering postulate.10/11 The Koshland postulate stated that 
fast intramolecularity was primarily due to the positioning of reacting atoms 
along selective pathways determined by the angular components of the 
reacting orbitals, and that so much as a 10° misalignment of an optimal
5
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trajectory angle could account for dramatic decreases in reaction rate. 
Koshland predicted that rate enhancements in intramolecular systems due to 
orbital steering could be as high as 104 relative to the intermolecular 
counterpart. This theory was used to rationalize differences in the rates of 
lactonization among several apparently similar hydroxy acids (12-17; See 
Table 1-1), and more generally to account for very high rate enhancements 
which enzymes can induce in bimolecular reactions. A comparison of 
relative rates of lactonization is presented in Table 1-1. In this table, a large 
increase is seen in the relative rates of cyclization on going from hydroxy-acid 
12 to 14. According to Koshland,tOc-d the framework of each compound 
would direct the approach of the reacting atoms, thus allowing for enhanced 
reaction rates in cases where orientation was optimized. The analogous 
thiolactonizations of 1 2 ,1 3  and 14 were studied in each case with drastically 
different results. These results were attributed to different orbital structure 
and bond lengths for a thiol group, which would alter the orientation 
between reacting atoms.
The orbital steering approach was the subject of a great deal of support 
and criticism in the chemistry community. Among the more outspoken 
critics of orbital steering was Bruice.8 Bruice suggested that large rate 
increases observed in these systems were due to increased entropy
6
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Table 1-1. Effect of Structure on Relative Rates of Lactonization
X = O & = §
























a the rates of the bimolecular reactions were each set equal to 1. Therefore, the two sets of 
data cannot be compared.
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of activation relative to the intermolecular reaction of the same type. 
According to Bruice, the calculations reported by Koshland used values for 
force constants involving partially formed bonds that were unreasonably 
large. However, Bruice's criticism ignored the role played by solvation effects. 
Hoarei2 performed calculations which upheld the Koshland model, 
indicating that solvation effects may considerably raise the energy required to 
align bonds such that a reaction can take place, even if this requires 
deviations from ground state geometry of only a few degrees. Menger15 
refuted the orbital steering approach on the grounds that transition states of 
cyclization reactions are not always rigid and the "reaction windows" are 
often greater than previously believed. Delisi and Carothers14 used 
computational methods to compare rates of intra- and intermolecular 
cyclizations, concluding that drastic changes in reactivity could arise from 
minute changes in geometry. However, they also believed that Koshland 
substantially underestimated entropic loss in bimolecular reactions, and 
concluded that orbital steering was unneccesary to explain observed rate 
enhancements.
Bruice termed fast intramolecularity the "propinquity" or "proximity" 
effect. The proximity effect is the rate acceleration achieved by bringing 
reacting groups together on the same molecule. To a large extent, Page and 
Jencks supported the Bruice view.15 They proposed that the origin of fast 
intramolecularity is simply due to entropy effects. These effects alone were
8
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proposed to cause the activation entropy of an intramolecular reaction to be 
as much as 50 calmoH-deg-1 less negative than that of an intermolecular 
reaction, corresponding to a rate acceleration of up to 106. In a later review, 
Page presented a quantitative approach based on entropy arguments to 
account for the rate accelerations of the acid-catalyzed lactonizations that 
Koshland had studied .16 Page showed that the rates could be estimated from 
the calculated enthalpic and entropic changes which occur in the cyclization 
of related hydrocarbons. While this model was fairly crude, the agreement 
between calculated and experimental results was quite good. According to 
Page and Jencks' theory, freezing a single rotation should bring about a five­
fold increase in reaction rate due to a more favorable entropy of activation.11' 
More recently, Mandolini proposed that this figure is closer to a factor of 7.5 
per bond rotation.1® However, there are examples of compounds where 
freezing a single rotation leads to rate enhancements of up to ICH.w Such 
anomolous cases suggest that simple entropy arguments may not always fully 
account for enhanced reactivity.
C o h en 2 0  studied the acid and base-catalyzed lactonizations of a series of 
hydroxycoumarinic acids and interpreted the rate accelerations observed in 
the series in terms of increases in the population of a highly reactive 
conformer. In the case of the lactonization shown in Figure 1-1, a rate 
acceleration of 1011 was observed when Ri and R2 are methyl groups. In this 
case, the interlocking of methyl groups was believed to produce a
9
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conformational freezing of the side chain in the most productive conformer 




These results were refuted by several workers,21 among them Bruice,22 who 
believed that in this case rate acceleration was due to relief of ground state 
strain more than any other factor.
Even though the entropy arguments of Koshland, Bruice, and Page and 
Jencks adequately explain some dramatic rate accelerations, many results 
have not been adequately explained by entropy arguments.23 Menger 
suggested that it is impossible to predict rate enhancements by conventional 
methods. He proposed the "spatiotemporal postulate", which stated that the 
rate of reaction between two functionalities A and B is proportional to the 
time that A and B reside within a critical distance. A review by Menger 
offered several examples from the chemical literature which he claimed 
defied explanation by the conventional concepts of strain and entropy 
discussed above.24-26
Menger's spatiotemporal postulate has been the subject of strong
10
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criticism, particularly by Houk and cow orkers.27-29 Houk performed 
calculations on lactonizations of several hydroxy acids, including the 
compounds Koshland had studied. Houk concluded that "the real 
determinant of reactivity is the energy required to distort the reacting 
functional groups into the geometry of the rate-determining transition 
state ."27 The Houk approach utilized an MM2 force field model to determine 
relative energies of reactant and transition state in order to predict the 
activation barrier and thus the rate constant in each case. These calculations 
demonstrated that, although a qualitative relationship between functionality 
distance and reactivity exists, there is no direct relationship between angular 
dependence and reaction rate, or between distance of reacting atoms in the 
starting material and reaction rate. To date, the reasons for "enzyme-like" 
rate enhancements and the effects of proximity between potentially reactive 
functional groups have not been fully explained. This area remains one 
which is being actively researched.
Structure and Reactivity of Carboxvlic Amides and Ureas
This chapter deals with the reactivity of several amino-ureas under a 
variety of conditions. For this reason it is necessary to define several 
outstanding structural and reactivity features of carboxylic amides and ureas. 
The classical explanation for the decreased reactivity of amides relative to 
other carboxylic acid derivatives is that there is substantial resonance
11
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interaction between the nitrogen lone pair electrons and the carbonyl group 
(Figure 1-2; Structures 20-22).30 As a result, the N-C-O unit of an amide is 
planar. The consequence of this delocalization is that the acyl group is 
strongly deactivated by the resonance interaction with the adjoining nitrogen. 
Figure 1-2
Invocation of the partial double bond character in the C-N bond allows one to 
account for the high barrier to rotation, because rotation about the C-N bond 
would result in loss of the stabilizing interaction. Similarly, addition of a 
nucleophile to the carbonyl group results in the loss of resonance interaction, 
thus making addition less favorable than in carboxylic acid derivatives 
having less significant resonance stabilization.
Wiberg and co-workers3i have reported results of ab initio calculations 
performed at the MP2/6-31GV/MP2/6-31G* level on simple amides which 
conflict with the classical resonance theory. Wiberg asserts that the resonance 
picture, which is useful in explaining a large body of data, is not necessarily 
correct. According to calculations, rotation of the C-N bond of an amide by 
90° does not significantly change the electron population at the carbonyl 
oxygen, and that the principal interaction involves only the nitrogen and 





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
interact with the adjacent electron deficient carbon, which leads to increased 
stabilization. In order to allow this interaction, it is believed that the nitrogen 
lone pair must occupy a p-orbital. This results in approximately 120° bond 
angles about the nitrogen and sp2 hybridization. According to Wiberg's 
theory, the carbonyl oxygen acts principally as a "spectator" and amide 
planarity is due in large part to stabilization of the nitrogen lone pair.
Ureas, which possess two nitrogens attached to the carbonyl carbon, 
were originally believed to be planar. Experimental X-ray and neutron 
diffraction studies demonstrated a planar structure for urea in the crystal 
state, which is now mainly attributed to crystal packing forces, particularly 
intermolecular hydrogen bonding between oxygen and amino hydrogen 
atoms.32 However, microwave spectra of urea in the gas phase indicated a 
nonplanar structure,33 a result which was later supported by ab initio 
calculations.3^  In the case of tetramethylurea (23), Fernholt33 showed by 
electron diffraction that the nitrogen atoms were, in fact, partially 





These results were also supported by semi-empirical36 and ab initio
13
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calculations.37 Recently, Gobbi and Frenking38 reported that according to 
MP2/6-31G//MP2/6-31G (d) calculations the parent compound urea is C2 
symmetrical and possesses a C-N rotational barrier of only 8.1 kcal-moH. 
However, there is significant resonance stabilization in urea, as there is with 
all amides. Therefore, like most amides, urea and substituted ureas are less 
reactive than other carboxylic acid derivatives.
Because of the low reactivity of this functionality, the urea has been 
utilized as a protecting group for polyamines in synthetic procedures. Ganem 
and coworkers utilized a urea protective group for spermidine (24) by reaction 
of the compound with methyl chloroformate, followed by hydrolysis with 
Ba(OH)2 to give cyclic urea 25 (Scheme 1-2) 39 Cyclic urea 25 is extraordinarily 
resistant to acid or base hydrolysis and permits further functionalization of 
the molecule at the NH2 group.
Scheme 1-2
1)Me0C0Cl  h2n - ^ A h
H2N v  ^  v  ^  2) Ba(OHfe
24 25
The protective group is removed by a "urea exchange", i.e., heating the urea- 
protected spermidine 25 with propanediamine to release the polyamine and 
form a water-soluble, solvent-derived urea.
The low reactivity of ureas has also made them useful as solvents in
14
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reactions involving strong nucleophiles. For example, Liittringhaus and 
Dirksen used tetramethylurea (23) as a solvent for Grignard reactions in 
which the reactants were only sparingly soluble in ether.40 More recently, 
synthetic procedures have been reported in which N,N-dimethylpropylene- 
urea (26) has been utilized as a solvent 4M2
Mechanism of Amide Aminolysis
The reaction of a carboxylic amide with an amine is known as amide 
aminolysis. In cases where the reaction products are another amide and 
amine, the reaction is called a transamidation. The reaction is generally 
believed to proceed through the initial formation of tetrahedral addition 
intermediate 27 (Scheme 1-3).43-45
Scheme 1-3




RNH2 + r 1- c - n h r 2
15
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formation of either an amide (28) or an amidine (29), depending upon 
whether the C-N or C-O bond is cleaved. In order to form an amidine, at least 
one N-H bond is required in the tetrahedral intermediate. Cleavage of C-N vs 
C-O is determined by several factors, which include (1) the geometry of 
oxygen and nitrogen lone pair orbitals in the intermediate, (2) the relative 
leaving group abilities and, (3) whether the reaction is acid- or base-
catalyzed.44a
Addition of a nucleophile to the amide carbonyl to form the 
tetrahedral intermediate is typically the rate determining step of an amide 
aminolysis.46 Because of the poor leaving group ability of the amide and the 
substantial resonance interaction, the rates of aminolysis are typically quite 
slow. The rates of formation of tetrahedral intermediates in amide 
aminolysis and overall rates for amide hydrolysis and aminolysis have been 
discussed in several reviews.46
Aminolysis of ureas has been shown to proceed by two different 
mechanisms. The first is the standard addition-elimination mechanism 
which proceeds via the formation of a tetrahedral addition intermediate.47 In 
cases involving simple tetrasubstituted ureas, aminolysis has been proven by 
Becker and Richter to proceed by way of this mechanism.48 Another 
postulated mechanism is addition of a nucleophile to a ketene-imine 
intermediate (30) as shown in Scheme 1-4.
16












This elimination-addition mechanism has been invoked by Hegarty et al4? 
and also by Jencks50 for the base-catalyzed elimination of an imidazole group 
from a urea (Scheme 1-5). Addition of imidazole to the imidazoyl urea in 
aqueous solution pH 6-10 results in the formation of a small equilibrium 
concentration of phenyl isocyanate (31). Phenyl isocyanate, besides reacting 
with neutral imidazole to regenerate starting material, is competitively 
trapped by H2O, OH- or an amine, nucleophile. Reaction with an amine 
nucleophile results in formation of the transamidation product.
Scheme 1-5
X
PhNH N N N
PhNH2 + C 0 2
- X  / sPhN ^N V N H
\ = /  k--i
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In general, amino-amides such as 32, which have primary amino 
groups and N,N-disubstituted amide groups, are unstable and rearrange
17
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under acid or base catalysis to more stable amino-amides such as 34, which 
have secondary amino groups and N-monosubstituted amide groups. The 




In this case, equilibrium deprotonation of the primary amine makes the 
resulting amide an excellent nucleophile, which increases the rate of 
formation of the tetrahedral intermediate. The driving force for 
transamidation is believed to be the formation of resonance-stabilized anion 
33. Intramolecular transamidation reactions have been reported with a 
number of bases, such as potassium t-butoxide (KCKBu),5i potassium 3- 
aminopropylamide (K A PA ),52 quinoline,53 NH 3 in a sealed tube,S4 and 
sodium ethoxide.51
Hesse and coworkers55 have utilized intramolecular transamidations 
in numerous ring expansion reactions, an example of which is shown in
18
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Scheme 1-7. Using this two-step process, Hesse reports that it is possible to 
introduce three to six ring members to a medium ring. For ring 
enlargements of three or four atoms, the eight-membered amide 35 is the 
smallest ring that proved successful.
Scheme 1-7
The ring enlargement methodology has been used for the expansion of 9- (38) 
and 11-membered rings (40) to 13- (39) and 15-rings (41), respectively (Scheme 
1-8). In smaller rings, transannular reaction of the newly-formed azalactam 
results in the formation of cyclic amidines.
Scheme 1-8
1) NaOC2H5, CH2=CHCN
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One spectacular example of a base-catalyzed intramolecular transamidation is 
the " Zip reaction", in which Hesse reported that addition of KAPA to 13- 
membered lactam macrocycle 42 results in the formation of a 53-membered 
polyazalactam (43) via a series of ten intramolecular transamidations 
(Scheme 1-9).56 
Scheme 1-9
Intramolecular amide aminolysis has been carried out in ring expansion of p- 
lactams. In p-lactam rings, aminolysis is facile because of the relief of ring
strain which accompanies amide bond cleavage. Likewise, the ring strain in 
the four-membered ring inhibits the normal amide resonance and makes the 
carbonyl more reactive toward nucleophiles. Crombie and coworkers54 have 











Transannular interactions between potentially reactive groups on 
opposite sides of medium rings have been well studied. For example, 
transannular interactions between compounds which possess transannular 
amine and ketone groups have been verified by IR spectroscopy and 
protonation studies and are discussed in detail in the Discussion section of 
this chapter. An example of a transannular reaction in a medium ring 





In an attempt to carry out a ring expansion of a seven-membered azalactam by
21
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the ring-enlargement method discussed in the previous section, the isolated 
product was not the expected 11-membered amino-amide but a mixure 
containing mostly starting material (44) and small amounts of 47. The 
attempted synthesis of the 11-membered azalactam by detosylation of 46 
produced the same mixture of 44 and 47. Apparently, based on the 
experimental result, 45 was energetically less stable than the observed 
products 44 and 47. In the sequence shown in Scheme 1-11, amino-amide 45 
was never directly observed.
Weisman and Alder and coworkers have studied several medium-ring 
amino-ureas (1-4) in order to examine the effects of the donor-acceptor 
amino-urea transannular interaction on ground state structure and reactivity. 
Bicyclo[5.2.1]amino-urea (1) is one of these compounds, and this compound, 
among others, has been further studied as reported in this chapter. In many 
cases, enhanced reactivity is observed in these amino-ureas. The unusually 
rapid rate of the transamidation is attributed to three factors: 1) the infrared 
carbonyl stretching frequency of amino-urea 1 in comparison to other 
analogous compounds establishes the existence of a transannular nitrogen- 
carbonyl interaction; 2) the urea is torsionally distorted such that the normal 
+N=C-0- resonance is decreased (an orbital picture of this distortion is shown 
in Figure 1-3); 3) the basicity of the urea carbonyl is increased, which means 
that the carbonyl becomes easier to protonate at higher pH. This increased 
basicity is favorable because as pH is lowered, the extent of protonation of the
22
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amine nucleophile is increased, therefore shutting down the attack of the 
nucleophile.
Figure 1-3
In the presence of acid catalyst, Wang6 observed rapid acyl migration 
in amino-urea 1 by dynamic NMR. In CDCI3, in the absence of acid catalyst, 1 
exhibited four sharp signals in the 1H decoupled 13C NMR; three upfield for 
the methylene groups and one at approximately 180 ppm for the carbonyl 
group. Upon addition of acid catalyst (mesitoic acid), the methylene carbon 
resonances broadened and, at high acid concentrations, coalesced into a single 
sharp resonance. The coalescence has been attributed to the rapid 
interconversion of the three topomers as shown in Figure 1-4.6 At all acid 
concentrations, the carbonyl signal remained sharp, indicating that the 
observed spectrum does not correspond to hydroxy orthoamide 48, which is a 
postulated intermediate on the mechanistic pathway (Scheme 1-12).
Maximum observed rate constants (k0bs) were determined to be 4.5 x 104 $ec-i 
in 0.179 M mesitoic acid (CDCI3 solvent), and 6.7 x 103 sec-i in D2O at pD 6.7 
(pD adjusted with DC1).
/"-x
23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




"  V _ « " ' V >  / Y )  / V >




“ K i r "
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1-3
r~\
'k  o K  H+ N t
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The 1H NMR spectrum of the amino-urea undergoing fast acid- 
catalyzed topomerization was an AA'XX' for all the methylene protons, 
indicating time averaged C3V symmetry. This observation ruled out the 
mechanistic intervention of the tricyclic guanidinium ion 49. The 
decomposition of the tetrahedral intermediate 48 can result in formation of 
another amino-urea (transamidation) or of a guanidinium salt.
49
The guanidinium ion (49) possesses D3h symmetry and would equate all the 
methylene protons to a sharp singlet in the 1H NMR, which was not 
observed. Therefore, the carbonyl is more reactive than a typical urea 
carbonyl. The fact that guanidinium ion 49 was not observed in these 
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49.58 The AA'XX' also proved that the carbonyl group in 1 was unable to tuck 
through the eight- membered ring during the topomerization process. This 
tucking process would also average the methylene protons to a singlet in the 
1H NMR.
M o w la m 8 and Wang8 have both studied the reactivity of amino-urea 4. 
Their experiments demonstrated that, in water, the equilibrium between 4 
and guanidinium 50 was pH dependent, with the guanidinium ion favored at 
low pH (Figure 1-5).
Figure 1-5
H
4 50 (X = OH)
In solvents such as DMSO or THF, bicyclic urea 4 was formed from the 
guanidinium 50 and NaOH. However, addition of trace amounts of protic 
solvents such as water to a solution of 4 in DMSO caused the urea to be slowly 
transformed to the guanidinium 50. The proposed mechanism for the acid- 
catalyzed conversion of amino-urea 4 to guanidinium 50 is shown in Scheme 
1-13. Within the framework of the ring, the urea carbonyl and the amino 
nitrogen are perfectly positioned for a transannular interaction. The 
intramolecular attack of the amine on the protonated transannular carbonyl 
forms a tetrahedral intermediate. After two nitrogen inversions, oxygen
26
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protonation results in deavage of the C-O bond in 51 to yield the 
guanidinium ion. At higher pH, an uncatalyzed reaction involving attack on 
an unactivated carbonyl with final expulsion of OH- likely takes place.
Scheme 1-13
As was the case with amino-urea 4, Mowlam and Alder have reported the 
preparation of amino-ureas 53 and 55 by the conversion of the guanidinium 
salts 52 and 54. In each case, only one isomeric product was observed. This 
regioselectivity has been attributed to the relative strain energies of the 









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Scheme 1-13
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Acyl Transfer (Acylotropyl Studies by Dynamic NMR
Dynamic nuclear magnetic resonance spectroscopy (DNMR)59 is an 
important technique for investigation of the kinetics of chemical exchange 
processes and has been extensively used to determine rates of transamidation 
in our amino-urea work. Several DNMR techniques have been developed. 
The most commonly used method is line-shape analysis, which is applicable 
if the rates for the dynamic processes being studied are in the lOMO5 sec-1 
range. Recently, magnetization transfer methods have been developed to 
measure the rates of dynamic processes that occur within the 10-2-102 sec-1 
range. To date, there have been no reports of degenerate acyl transfer 
reactions studied by magnetization transfer methods. However, there are 
numerous examples of dynamic intramolecular acyl transfer processes that 
have been studied by lineshape an alysis.59a  Some examples of these are
28
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presented here.
Among the more well-known examples of dynamic acylotropy is 
tropolone acetate (56).60 In dimethylformamide-d7/ 56 exhibits nine singlets 
in the *H decoupled 13C NMR spectrum (100 MHz) at 103 K, but only six are 
observed at room temperature. Change in lineshape is observed between 103 
and 263 K. Free energy of activation, AGt. for the dynamic exchange was 
calculated to be approximately 10.8 kcal/mol in this temperature range. The 
dynamic process is attributed to the acyl migration from the acetoxy oxygen to 
the carbonyl via a resonance-stabilized aromatic intermediate (57) (Figure 1-6). 
Figure 1-6
SB 57 5T 56*
Another example of degenerate acylotropy is observed in naphthazarin 
acetate (58). The !H NMR spectrum of compound 58 is temperature- 
dependent in the aromatic region, whereas the acetyl protons remain sharp.
o  o c o c y
O OR
58 R = H
59 R = COCH
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A coalescence temperature of 190° C was observed for 58 in nitrobenzene-ds. 
The energy barrier for the exchange for the monoacetate is calculated to be 
22.3 kcal/mol. In the case of the diacetate 59, the energy barrier is 24.5 
kcal/mol, which is higher than the monoacetate case.
In 1,3-diketone enol esters, the isomerization barrier is quite high. 
Under acid-catalyzed conditions, acyl migration in 3-phenyl acetylacetone 
enol benzoate (60) can be observed by the dynamic NMR method (Figure 1- 
7)61 In the absence of acid, the coalescence temperature is 51.5° C and AGtis 
17.2 kcal/mol. When trifluoroacetic acid is present in 3.5 molar excess, the 
coalescence temperature decreases to -26° C.
Figure 1-7
More recently, two-dimensional NMR spectroscopy has been 
increasingly used to determine rates of dynamic processes. This exchange 
spectroscopy method is called 2D EXSY.62-64 2D EXSY is an extremely valuable 
technique because it is applicable to systems which cannot be studied by 
lineshape techniques. This is because the rate of the exchange process is 
below that which can be studied by ID methods (10-2 -101 sec-1). In addition, 
2D EXSY gives site-to-site rate constants as a function of cross-peak intensities
O O O O
GO
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and often carries information about mechanism, whereas lineshape analyses 
are sensitive only to lifetimes and do not directly give information about the 
mechanism of exchange. The 2D NMR cross-peaks "map" the exchange 
process, which is particularly useful in multisite systems because this 
indicates which nuclei undergo exchange. To date, no cases of acylotropy 
have been reported in the chemical literature which were measured by 2D 
EXSY.
31
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III. RESULTS AND DISCUSSION
Syntheses
Bicyclic amino-urea 1 was synthesized by the method developed by 
Wang (Scheme 1-14). Wang's procedure is a modification of the method of 
Wright,65 who used N,N -carbonyldiimidazole (61) to convert 1,2-diamines to 
five-membered ureas. The product can be purified by column 
chromatography in order to remove the generated imidazole and the acyl 
imidazolylurea 62. Wang had reported a yield of amino-urea 1 of 69%, 
though the best yield obtained in subsequent preparations based on the Wang 
procedure was 64%.
Scheme 1-14
u / — \  u O I  \  I  \Hs.;  ' H t; m n  N N
/* \  ™F . / V  \  . / V N-
H
+ Ny  N N I)J
H
61
w  w  \  - S - V
(64%) (21%)
1 62
Macrocyclic triamine 5 was prepared by the Kellogg modification66 of the 
Richman-Atkins procedure6? as shown in Scheme 1-15. The Richman- 
Atkins cyclization is a convenient method for cyclization of tosylated amine 
derivatives and reaction yields are typically fairly high. Reaction of
32
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diethylenetriamine (63) with three equivalents of p-toluenesulfonyl chloride 
was carried out by the method of Koyama to afford the tritosylamide 64.68 
Cyclization was accomplished by addition of two equivalents of CS2CO3 to 64, 
which converted the tritosylamide to a dicesium salt, followed by slow 
addition of 65 in DMF at 100°C to yield cyclic tritosylamide 66 . Detosylation of 
66 was carried out by the general method of Raymond,69 whereby heating in 
97% H2SO4 at 100°C for 72 hours, followed by basic workup, gave the resulting 
triamine 5 in 64% yield.
Scheme 1-15
/  \  t  \  aq. NaOH /  \  /  \
H2N N Nhfe + 3TsCI —  ► HN N NH
*  I K + 01501 BoO  1 1 1
H (6^/0) Ts Ts Ts
63 64
/ ------\  H /  ^ H
1 )C s2CCVDMF ^SnN 'n .Ts 97% H2S 0 4 *n  n '
100°C N. N
2) TsO' OTs \ —-N  ■««««/ (64%) ^
80% Ts
65 66 5
Amino-urea 10 was prepared by addition of 1.1 equivalents of N,N'- 
carbonyldiimidazole to cyclen (67) in acetonitrile at room temperature for 2 
days (Scheme 1-16).
33
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Scheme 1-16
H /  \  H O I  ^
^  " >  , N ^ N ^ S j^ N   -  [ It J
L J  + W  w  (31%) O nA
H ' ^ H  H W H
67 61 10
Imidazole, which was generated as a by-product of the reaction, was removed 
by kugelrohr distillation and the product was separated from the bis-urea by­
product 68 by column chromatography. Under a variety of conditions, the 
yield of 10 was always low (10-30%); 68, which has been fully characterized by 
Wang,6 was always the major reaction product.
w
68
Cyclen (67) was also prepared by the Kellogg66 modification of the 
Richman-Atkins67 cyclization (Scheme 1-17).
34
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Scheme 1-17
/ - ^ \ / —\ 1)Cs2CCb/DMF
HN N NH --------------------




Ts, /  \  ,Ts
Ts' \___ /  Ts
71
97% l-kSQt
H. /  \  H
N N
100°C ^ -N  N
(70%) h ' \___ /  H
67
The precursor 70 was prepared by the method of Parker70 as shown in Scheme 
1-18. We believe that the yield for this reaction is rather low because 
diethanolamine (69) was not purified prior to the procedure.
Scheme 1-18
/ ----\  \  ^ py/CH2CI2 _  J  \ (
HO N OH + 3TSCI • Tso N OTs
H T s
69 70
Compound 64 was treated with 2 equivalents CS2CO3 followed by cyclization 
with one equivalent of 70 in DMF at 100° C, affording the l /4,7,10-tetra(p- 
toluenesulfonyl)-l,4/7/10-tetraazacyclododecane (71) in 67% yield. Compound 
71 was detosylated by the general method of Raymond.^ Tetratosylamide 71
35
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was heated in 97% H2SO4 at 100°C for 72 hours, followed by basic workup to 
obtain cyclen (67).
36
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Kinetic Studies of Topomerization of 1.4.7-Triaza-10-Qxobicyclo[5.2.nDecane 
(1) in CDaCN
The base-catalyzed degenerate transamidation (topomerization) of 
amino-urea 1 was investigated by !H and 13C NMR. The base chosen for 
these experiments was potassium t-butoxide (t-BuOK) because of the fact that 
it is a strong organic base (pKa t-BuOH = 16.54 in water)71 and is too sterically 
hindered to be a good nucleophile. The base is easily purified by vacuum 




In the absence of added t-BuOK, it was shown that the methylene 
carbons of 1 in CD3CN exhibit three dynamically broadened peaks in the 13C 
NMR (wi/2 = 39 Hz, 90.56 MHz). This indicates that compound 1 is 
undergoing topomerization in MeCN-d3 via an uncatalyzed mechanism at a 
rate which is intermediate on the 13C NMR timescale. Addition of trace 
amounts (0.022 M) of t-BuOK to an NMR sample of 1 in CD3CN caused each 
of the resonances to sharpen. 13C NMR spectra obtained with increasing base 
concentrations showed that the three distinct methylene resonances 
broadened, merged and coalesced into a single broad peak with concomitant 
loss of the carbonyl signal at approximately 180 ppm. 13C NMR spectra of
37
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amino-urea 1 at different t-BuOK concentrations are shown in Figure 1-8. 
Table 1-2 summarizes the chemical shifts as a function of base concentration.
Table 1-2. 13C NMR Chemical Shifts (5c)a vs. t-BuOK Concentration in 
CD3CN
[t-BuOK]b 8c2,C6c 8c3,C5c 5c8,C9c 8cioc
A 0.000 61.25 (br) 44.53 (br) 49.73 (br) 180.73 (s)
B 0.022 61.21 (s) 44.53 (s) 49.62 (s) 180.73 (s)
C 0.090 61.20 (s) 44.53 (s) 
8C2,C6,C3,C5,C8,C9
49.62 (s) 180.73 (s)
D 0.592 -41-64 (below coalescence) not observed
E 0.792 -46-56 (coalescence) not observed
F 1.37 -50-54 (above coalescence) not observed
G 1.38 -52-54 (broadened) not observed
H 1.50 -52-53 (broadened) not observed
I 2.24 -53 (slightly broadened) not observed
J 2.67 -53 (slightly broadened) not observed
a Chemical shift assignments taken from Y. Wang Thesis, pg. 57. 
bmol-L-i (M)
c 13C NMR Chemical Shifts (8c) are measured relative to center peak of 
CD3CN multiplet which was set at 1.30 ppm
Because t-BuOK was not completely soluble in MeCN, base concentrations 
were determined by integration of the t-butyl peak in the 1H NMR versus 
peaks corresponding to amino-urea 1. Since the concentration of 1 in 
solution was known, concentration of t-BuOK could be determined. 
Additional small peaks in the 13C NMR are tentatively attributed to the t- 
butyl carbamate derivative of 1 (72), which is formed by the nucleophilic
38
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attack of t-butoxide on the urea moiety of 1. It has been pointed out72 that 
slow rotation about the N-C bond in the carbamate moiety should result in 
six peaks corresponding to the ring carbons of 72.
However, only three small peaks in the upfield region (48.75, 49.86, 52.28 
ppm), which are believed to be due to the six symmetry-paired carbons in the 
medium ring of 72 are visible. It is likely that the t-butyl resonances in 72 are 
obscured by the large t-butyl resonance from t-butanol and t-BuOK in the 
sample. Likewise, the carbonyl carbon in 72 does not appear in the spectrum 
because it is not a strong signal relative to other NOE enhanced resonances.
The disappearance of the carbonyl signal of 1 in the 13C NMR spectra 
upon addition of base suggested to us that the tetrahedral anion intermediate 
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Figure 1-8 (cont.)
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Figure 1-8 (cont.)
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Scheme 1-19




The observation of stable tetrahedral intermediates of carbonyl addition 
reactions is well precedented and will be discussed in detail in the Discussion 
section of this chapter.
In Figure 1-8(J), the peak at 133.6 ppm is believed to be the quaternary 
carbon of 73. The chemical shift for this quaternary carbon is similar to that of 
the quaternary carbon of orthoamide 74 (Figure 1-9), which has a chemical
shift of 135.5 ppm (CDCI3). Although the (3 effect of the methyl substituent in
74 should be expected to cause an 8 ppm downfield shift in the 13C NMR of 
the quaternary carbon of 74 relative to 73, the charge effect of the ionized 
oxygen and solvent effect (CD3CN vs. CDCI3) could counterbalance this effect. 
Figure 1-9
Prior to addition of t-BuOK, the NMR spectrum of 1 in CD3CN 
consists of broad, indistinguishable resonances which are consistent with
135.5 133.6
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uncatalyzed topomerization of 1 occurring at a rate intermediate on the NMR 
timescale. This uncatalyzed topomerization was not observed in DMSO-d6, 
CDCI3 or D2O. It was initially believed that the dynamic broadening could be 
due to trace acid contamination in the CD3CN solvent. To test for this 
possibility, an aliquot of CD3CN was passed through a column of alumina 
prior to dissolution of a sample of 1. !H and 13C NMR spectra of 1 still 
showed dynamic broadening. Serial dilution of 1 in CD3CN demonstrated 
changes in line broadening as a function of concentration.
The experimental results suggest that a bimolecular step is required in 
order for the uncatalyzed topomerization to take place. A proposed 
mechanism for the uncatalyzed topomerization of amino-urea 1 consistent 
with the experimental results is shown in Scheme 1-20. The lone pair of 
electrons on the amino nitrogen and the urea carbonyl of 1 are positioned for 
a donor-acceptor transannular interaction. The transannular reaction 
initially gives a zwitterionic tetrahedral intermediate. The rate-determining 
step of the overall mechanism is the proton transfer, which can be 
accomplished in a bimolecular reaction with another zwitterionic tetrahedral 
intermediate. The topomerization process is slowed by the introduction of t- 
BuOK because the base deprotonates the zwitterion, which shuts down the 
bimolecular proton transfer.
45
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Scheme 1-20. Proposed Uncatalyzed Topomerization of Amino-urea 1 in 
MeCN-d3
At low concentrations of t-BuOK (0.022 M) the resonances in the 
NMR spectrum were sharp and fine coupling was observed. This means that 
introduction of a trace amount of t-BuOK shuts down the uncatalyzed 
topomerization of 1. *H NMR spectra acquired with increased base 
concentrations show peak broadening. As the base concentration was further 
increased, two broad multiplets were observed at approximately 2.9 and 3.2 
ppm. In the presence of excess base (2.67 M t-BuOK, 0.74 M substrate), the 
peaks in the 1H NMR spectrum are simplified to an apparent AA'XX' 
multiplet for all the methylene protons in 1. The other peaks in the 1H NMR 
spectrum at 2.62-2.66 and 3.18-3.22 ppm, which have equal areas by integration 
of the peaks, are attributed to the t-butyl carbamate 72. A third resonance for 
72 is obscured by the AA' of the AA'XX' multiplet. The presence of this peak 
can be inferred from the difference in peak area of the two halves of the 
AA'XX' multiplet. This difference is equal to the area of each of the two other 
peaks attributed to 72. The observation of an AA'XX' multiplet at high base 
concentrations is consistent with observations by Wang, who observed an
O'
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
AA'XX' multiplet at high acid concentrations in D2O. 1H NMR spectra of 
amino-urea 1 at different t-BuOK concentrations are shown in Figure 1-10.
Direct determination of relative equilibrium concentrations of 
tetrahedral anion 73 and amino-urea 1 from the 1H and i3C NMR spectra was 
not possible because of the rapid interconversion between the two species at 
room temperature. Therefore, it was necessary for us to determine 
equilibrium concentrations of 1 and 73 spectrophotometrically. A 
characteristic signal which could be reliably measured would allow for the 
determination of relative concentrations of 1 and the conjugate base of 73 as a 
function of base concentration. Because amino-urea 1 has a strong IR
carbonyl absorbance at vco 1707 cm-i in MeCN-d3, FT-IR was used to quantify
concentrations of each species. To properly quantify the concentrations of 1 at 
each absorbance, the molar absorptivity of 1 in CD3CN at the carbonyl IR 
maximum was determined by standard dilutions of 0.38 M 1 in CD3CN 
(Beer's Law Plot). The results of the Beer's law experiment are summarized 
in Table 1-3. A Beer's Law plot of these results is shown in Figure 1-11. In 
this plot, the linear regression does not go through the origin because of the 
presence of water vapor in the infrared sample chamber, which introduced a 
small, constant error in each of the IR spectra.
47
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Figure 1-10 (cont.)
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Figure 1-10 (cont.)
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Figure 1-11
Beer's Law Plot: Amino-urea 1 in CD3CN
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a absorbance units (a.u.) = -log (%T/100) where % T is the transmittance value 
of infrared energy
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For the titration experiment, five standard solutions of 0.300 mL 
CD3CN containing varying concentrations t-BuOK were prepared. To each of 
these solutions was added 0.300 mL 0.86 M amino-urea 1 in CD3CN. At each 
base concentration, three spectra were acquired. The equilibrium 
concentration of 1 was determined directly from the absorbance of the 
carbonyl in the IR spectra. Equilibrium concentrations of tetrahedral anion 73 
([73]) and t-BuOH ([t-BuOH]) were taken to be the difference between the 
initial concentration of amino-urea 1 and the equilibrium concentration of 1 . 
Equilibrium concentration of t-BuOK was taken to be the difference between 
the initial concentration of t-BuOK and the equilibrium concentration of t- 
BuOH. The results of this titration experiment are summarized in Table 1-4. 
FT-IR spectra of the C=0 absorbance were overlayed and the decrease in the 
carbonyl signal with increasing base concentration is shown in Figure 1-12. 
The experimentally obtained values in Table 1-4 were used to determine the 
relative pKa of 1 and t-BuOH in MeCN-d3.
The pKa of 1 can be measured relative to that of t-BuOH (ApKa) by first 
writing a Henderson-Hasselbach equation for each acid (Equation 1-1 and 1-2):
[t-BuO']Yt_Bu0-pH = pKa (for t-BuOH) + log 
pH = pKa (for 1) + log -
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Figure 1-12. Stack Plot of C=0 Signals In Solution- 
















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 1-4. t-BuOK Concentration vs. Absorbance of Amino-urea 1. 
Equilibrium Concentrations of 1 Determined from Absorbance of 1 and Molar 
Absorptivity.




[1] (M) Mean [1] ± 95% 
Confidence Limits
A 0 0.648 0.416 0.412 ± 0.0087
B 0 0.643 0.412
C 0 0.638 0.409
D 0.128 0.480 0.308 033010.0546
E 0.128 0.548 0.352
F 0.128 0.516 0.331
G 0.269 0.337 0.216 0.217 ± 0.0043
H 0.269 0.338 0.217
I 0.269 0.338 0.217
J 0.446 0.068 0.044 0.0463 1  0.0062
K 0.446 0.076 0.049
L 0.446 0.071 0.046
M 0.467 0.078 0.050 0.049310.0014
N 0.467 0.077 0.049
O 0.467 0.076 0.049
Setting the two equations equal gives Equation 1-3.
pKa (for 1) - pKa (for t-BuOH) = log [t'BuQ^  + iog ;(Tt-BuQ, j^fi) (E 1.3) 
F a * v a 5  [t-BuOH] [73] 6  (Yt-BuOH)(Y73) 4
In solvents of high dielectric constant, the second term on the right is close to 
zero because the ratio of activity coefficients is considered to be unity.73
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Therefore,
ApKa (1 - t-BuOH) = log [t-BuO ][1] (Eqn ^ 4)
F 6 [t-BuOH] [73]
In Table 1-5, initial base concentrations, ratios of ([t-BuO-][l])/([t-BuOH][73]) ± 
relative error, and ApKa values determined at each base concentration ± 95% 
confidence limits are presented (relative error is defined as the square root of 
the sum of the squares of the ratio of confidence intervals/mean values). 
Error propagation into each individual concentration and relative error and 









A 0.128 2.26 ±1.60 0.354 ±1.60
6 0.269 0.422 ±0.563 -0.374 ± 0.563
C 0.446 0.0277 ± 0.869 -1.56 ± 0.869
D 0.467 0.0336 ±0.872 -1.47 ± 0.872
Because the relative errors in rows C and D (Table 1-5) were both greater than 
30 times the calculated value of ([t-BuO-][l])/([t-BuOH][73]), neither value was 
considered reliable enough for the determination of the mean value of ApKa. 
Since the relative errors were the same order of magnitude as the calculated 
values of ([t-BuO-][l])/([t-BuOH][73]) in rows A and B, these values were used 
for the determination of the mean ApKa value. Therefore, the ApKa for
57
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amino-urea 1 - t-BuOH is equal to the mean of the two log values:7*
ApKa = log (2.26 x 0.422)1/2 = -0.0103 ± 1.70 (95% confidence)
The 95% confidence interval for the ApKa was calculated as the square root of 
the sum of the squares of the individual confidence intervals in A and B. 
Equilibrium concentrations of each of the four species involved in the 
equilibrium (see Scheme 1-19) calculated for a ApKa of -0.103 are presented in 
Table 1-6.
Table 1-6. Equilibrium Concentrations of Potassium-t-butoxide, t-Butanol, 










A 1.11 0.00 1.11 0.00 0.00 0.00
B 1.11 0.022 1.09 4.18 x 10* 2.16 x 10-2 2.16 x IQ-2
C 1.11 0.090 1.03 6.61 x 10-3 8.34 x 10-2 8.34x10-2
D 1.11 0.592 7.22 x 10-1 2.04 x 10-1 3.88 x 10-1 3.88 x 10-1
E 0.740 0.792 3.55 x 10-1 4.07 x 10-1 3.85 x 10-1 3.85 x 10-1
F 0.740 1.37 2.57 x 10-1 8.87x10-1 4.83 x 10-1 4.83 x 10-1
G 0.740 1.38 2.56x10-1 8.96x10-1 4.84 x 10-1 4.84 x 10-1
H 0.740 1.50 2.42 x 10-1 1.00 4.98 x 10-1 4.98 x 10-1
I 0.740 2.24 1.81x10-1 1.68 5.59x10-1 5.59 x 10-1
For the DNMR experiments, an earlier determined, errant ApKa value of - 
0.051 was calculated and used to determine the equilibrium concentrations 
and relative populations of 1 and 73, as well as t-BuOK and t-BuOH.
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Equilibrium concentrations of each of the four species involved in the 
equilibrium (see Scheme 1-19) calculated for a ApKa of -0.051 are presented in 
Table 1-7. Comparison of the concentration values calculated at each of the 
two ApKa values shows little difference.
Table 1-7. Equilibrium Concentrations of Potassium-t-butoxide, t-Butanol, 
Amino-urea 1 and Tetrahedral Anion 73 in NMR Titration Experiment










A 1.11 0.00 1.11 0.00 0.00 0.00
B 1.11 0.022 1.09 3.82 x 10-4 2.16x10-2 2.16x10-2
C 1.11 0.090 1.03 6.10 x 10-3 8.39 x 10-2 8.39 x 10-2
D 1.11 0.592 7.14 x 10-1 1.96x10-1 3.96x10-1 3.96 x 10-1
E 0.740 0.792 3.46x10-1 3.98 x 10-1 3.94 x 10-1 3.94 x 10-1
F 0.740 1.37 2.47x10-1 8.77 x 10-1 4.93x10-1 4.93 x 10-1
G 0.740 1.38 2.46 x 10-1 8.86 x 10-1 4.95 x 10-1 4.95 x 10-1
H 0.740 1.50 2.32 x 10-1 9.92 x 10-1 5.08 x 10-1 5.08x10-1
I 0.740 2.24 1.71 x 10-1 1.67 5.68 x 10-1 5.68 x 10-1
In this titration experiment, the ApKa does not represent a 
straightforward difference in pKa between amino-urea 1 and t-BuOH. Rather, 
the ApKa in this case represents the apparent pKa (pKa (app)) of 1 minus the 
pKa of t-BuOH. The concept of apparent pKa was first introduced by 
M c C le lla n d 7 5  for estimation of acidity constants of tetrahedral intermediates. 
McClelland rationalizes the stability of the tetrahedral anion in terms of the 
relative pKa values of the nucleophile which attacks the acyl carbon and the
59
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neutral tetrahedral addition intermediate. From Scheme 1-21, it follows that
K_ = KoKa(TOH)/Ka(NuH).
In a situation where the intermediate TOH is much more acidic than the 
nucleophile NuH, or Ka(TOH) »  Ka(NuH), it follows that the unfavorable 
addition of the neutral nucleophile to the acyl group (Ko < 1) becomes 
favorable for the anion (K_ > 1). Therefore, in basic solutions, the species 
which is being predominantly produced is the tetrahedral intermediate 
anion. In these cases an apparent acidity constant, which is equal to Kapp
Kapp = [TO] [H+] /  [RCOL] [NuH], 
can be derived from the experimental data. In general, the pKa(app) is 
reflective of the pH at which the tetrahedral intermediate anion will 
predominate in aqueous solution.
Scheme 1-21
°  Ko














In the case of amino-urea 1, the apparent acidity constant is equal to
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KoKa(73) (see Scheme 1-22). Therefore, it follows that
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73
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The observed forward rate constants for topomerization of amino-urea 
1 at different base concentrations were calculated by the Complete Bandshape 
Method. The methylene region of the 13C NMR spectra was simulated with 
DNMR5, a dynamic NMR simulation program developed by Binsch,76 which 
utilizes a minimization algorithm to determine lineshapes for three- and 
four-site exchange systems. In this particular case, the topomerization was 
treated as a four-site nondegenerate exchange. The methodology for 
simulation of this system is best described by Scheme 1-23. The exchange
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system is comprised of four different nuclear configurations, each of which is 
comprised of four pairs of symmetry-equivalent nuclei: A, B, C and D. Each 
set of nuclei possesses a unique chemical shift as a result of their different 
environments.
Scheme 1-23
Because there is no coupling between the adjacent nuclei (i.e., the spectra are 
1H decoupled), the system could be simplified for the purposes of the DNMR5 
program to a four nuclear configuration system each of which possess a single 





B A A B
1"
A and B (1<ab)/ A and C (Icac) and B and C (kec) are 0 because there is no direct
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exchange between these sites. The rate constants for exchange between 
configurations A and D (1<ad)/ B and D (Icbd) and C and D (kcD) are equal to 
one another and are all equal to kf, which is the forward rate constant for 
conversion of amino-urea 1 to the tetrahedral anion intermediate 73. 
Scheme 1-24
The reverse rate constant (kr) can be determined from the relative 
concentrations, and hence populations of the four nuclear configurations 
according to Equation 1-5.
where [73] and [1] are the equilibrium concentrations of tetrahedral anion 73 
and 1, respectively. The effective transverse relaxation times. (T2*) were 
estimated from the reciprocal of the product of it and the full width at half 
height of the center peak of the acetonitrile septet (CD3CN) in each spectrum. 




KeQ kr [!'] [l"] [1"’] [1] Equation 1-5
kf [73] _  [73] _  [73] 3 x [73]
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was determined from a ApKa value of -0.051. Therefore, as t-BuOK 
concentration was increased, the concentrations, and therefore the 
populations, of sites A, B and C (which are all equal) and D were determined
from this ApKa.
The values of kr obtained by the DNMR5 program were determined by 
an iterative fit of the experimental lineshapes. To determine the forward rate 
constants, both kf and the population of 73 and therefore the population of 1 
were allowed to vary simultaneously to determine a best fit lineshape. In 
Table 1-8, relative populations of 1 and 73 at each base concentration as well as 
experimentally determined kf values are presented. Best fit populations of 73 
as determined by DNMR5 simulations are given in parentheses next to kf 
values. The experimental and simulated lineshapes are shown in Figure 1- 
13. A plot of kf vs [t-BuOK] is shown in Figure 1-14. The differences between
the population of 73 determined from ApKa values and the "best fit" values 
calculated by the DNMR5 program (parenthetical in Table 1-8) are due to the 
fact that both the populations and the rate constants were allowed to vary 
simultaneously in the line fitting program. As a result, there is a substantial 
error associated with the experimentally determined forward rate constants, 
particularly as the W1/2 of the coalesced peak decreases and the rate of 
topomerization moves toward fast exchange.
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Figure 1-13 Experimental and Simulated >3C NMR Spectra of Amino-Urea 1 
as a Function of (t-BuOK] in MeCN-d3
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Table 1-8. Equilibrium Concentrations of Potassium t-Butoxide and Amino- 
urea 1, and Equilibrium Populations of 1 and 73 in NMR Titration 
Experiment Presented with Corresponding Rate constants (kf) Obtained by 
DNMR5. (Initial Populations Calculated Using ApKa of -0.051.






A 0.00 1.11 1.000 0.000 110 (0.000)
B 3.82 x 10-4 1.09 0.981 0.019 17.5 (0.012)
C 6.10x10-3 1.03 0.924 0.076 19.8 (0.047)
D 1.96x10-1 7.14 x 10-1 0.643 0.357 1557 (0.215)
E 3.98 x 10-1 3.46 x 10-1 0.468 0.532 10772 (0.031)
F 8.77 x 10-1 2.47 x 10-1 0.332 0.667 15549 (0.429)
G 8.86x10-1 2.46 x 10-1 0.332 0.668 23000 (0.525)
H 9.92 x 10-1 2.32 x 10-1 0.313 0.687 35000 (0.542)
I 1.67 1.71 x 10-1 0.232 0.768 200000 (0.624)
a These populations were allowed to vary during the iterative DNMR 
calculation
The values for the reverse rate constants (kr) were calculated according to 
Equation 1-5 and are presented in Table 1-9. Forward rate constants used in 
the determination of kr values were those presented in Table 1-8.
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In entries D-I (with the exception of E, which is treated as an outlier), the 
reverse rate constant is less than that of the forward rate constant. At each of 
these base concentrations, the population of 73 is significant. A plot of kr vs. 
t-BuOH concentration is shown in Figure 1-15.
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Figure 1-14. Calculated Rate Constant for Closure of Amino-urea 1 to 









In summary, for the base-catalyzed topomerization of amino-urea 1, there are 
two rate processes that can be measured. The observed rate constant for the 
conversion of amino-urea 1 to tetrahedral anion 73 (kf) was directly measured 
from the lineshapes of the methylene resonances in the 13C NMR spectra.
The observed rate constant for the conversion of tetrahedral anion 73 to 
amino-urea 1 (kr) is indirectly obtained from the calculated population of 
tetrahedral anion and the forward rate constant. (Alternatively, the reverse 
rate constant (kr) could have been directly calculated and the forward rate 
constant indirectly obtained from the populations). The slow or rate 
determining process is the process, either kf or kr, which is the lesser value for
70
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a given concentration of t-BuOK.
Figure 1-15. Calculated Rate Constant for Conversion of Tetrahedral Anion 
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In Table 1-9, kr values in A-D are all greater than the corresponding kf values. 
This suggests that at these concentrations the conversion of 1 to 73 is rate 
determining. Calculated values for kf in F-I are all greater than the 
corresponding kr values. This suggests that at these base concentrations the 
conversion of 73 to 1 is rate determining.
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Discussion
Until the 1960's, there was only indirect evidence for the existence of 
tetrahedral intermediates on pathways of carbonyl addition mechanisms 
(Structure 75, Scheme 1-25). Progress on the direct investigation of carboxylic 
acid derived tetrahedral intermediates has been made on compounds of type 
75 which possess special structural features, which make them stable with 
respect to the corresponding carboxylic acid derivative.77,78
Scheme 1-25
Four structural features have been identified that favor the tetrahedral 
addition structure over the carbonyl form :77
1. a bicyclic or polycyclic structure,
2 . a strong electron-withdrawing group attached to the proacyl carbon 
of 75,
3. a group attached to the proacyl carbon of 75 which reduces 
conjugation with the carbonyl group of the precursor,
4. two or more groups attached to the tetrahedral intermediate 75 by 
sulfur atoms (i.e., X and/or Y = SR).
Given these features which stabilize tetrahedral intermediates, several
examples of stable molecules of this kind have been reported. Among the
most well-known is tetrodotoxin (76),79 which possesses an ionized
O OH O
rA y ♦ HY
75
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hemiorthoester built into a rigid "adamantane-like" skeletal structure (Figure 
1-16). The zwitterionic form 76 is known to be more thermodynamically 
favorable than the alternative structures 77 and 78 which would be formed 
upon the breakdown of 76. It has also been proposed that tetrodotoxin is 
more stable than its isomers 77 and 78 because of the lower pKa of the 






















The AA'XX' multiplet observed for amino-urea 1 in the 1H NMR 
spectrum, as well as the single peak which corresponds to all the methylene 
carbons in the 13C NMR at high t-BuOK concentration are consistent with fast 
topomerization of 1 on the NMR timescale. This experimental observation is
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also consistent with acid-catalyzed topomerization studies carried out by 
Wang. The loss of the carbonyl signal at approximately 180 ppm in the 13C 
NMR, as well as the decrease in intensity of the carbonyl peak in the FT-IR 
both clearly demonstrate that the tetrahedral anion 73 is formed in 
concentrations which increase as a function of increased t-BuOK 
concentration. Therefore, unlike the acid-catalysis study of amino-urea 1, the 
concentration of the tetrahedral intermediate is not a steady-state, low 
concentration intermediate on the mechanistic pathway. It is clear from 
spectral observations that the reaction proceeds through the formation of a 
tetrahedral intermediate because we are able to infer the existence of this 
intermediate. According to McClelland,75 there are two requirements that 
must be met if the tetrahedral intermediate anion is to be observed in base 
solution. The first is that the Ka of the neutral tetrahedral intermediate (48 in 
this case) must be significantly greater than the Ka of the nucleophile. The 
pKa of 48 in H2O was estimated from an equation introduced by Fox and 
Jencks.80 Using a simple alcohol as a starting point, pKa = 15.9 - 8.4Zoi, where 
cq is the inductive substituent constant of an attached group. This relation 
provides a pKa(48) of 15.9 - 8.4(3 x 0.1) = 13.4 or Ka (48) = 1CH3-4 in H2O. This 
value is much greater than the Ka of the amine nucleophile, which is on the 
order of IO-30 - IO-35 in H2O .81 A second requirement is that hydrolysis or, in 
this case, nucleophilic attack of the t-butoxide ion on the urea moiety of 1, 
cannot be too rapid. Although our results do suggest that a carbamate
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degradation product is formed in the course of the NMR titration 
experiments, it does not preclude the observation of topomerization or of the 
tetrahedral anion.
The Ka (48) value estimated by the method of Fox and Jencks can be 
used to calculate the Ko, which is the equilibrium constant for the 
tautomerization of 1 to 48. Leffek82 has estimated that the effect of 
acetonitrile on basicity of a number of nitrogen bases amounts to a factor of
ApKa = 8.1 ± 0.5 relative to water. Although this correction factor was 
intended for correction of pKa's of amine bases, it can be applied in this case to 
correction of pKa's of substituted alcohols. From this value the pKa of t- 
BuOH in acetonitrile is estimated to be 16.54 + 8.1 = 24.64 ± 0.5. Therefore, 
with the experimentally determined value of (pKa (app) - pKa (t-BuOH) = 
-0.0103 ± 1.70, the pKa (app) is estimated to be 24.64 - 0.0103 = 24.63 ± 1.8. 
According to the relation Ka (app) = KoKa (48), Ko is equal to Ka (app)/Ka (48). 
The value of pKa (48) was estimated to be 13.4 in H2O. From the correction
value for ApKa a n -H2o  determined by Leffek, pKa (48) is 13.4 + 8.1 = 21.5 ± 0.5. 
Therefore, Ko = (10-24.63 ± i.8)/(io-2i.5 ± 0.5) = 1021 .5-24.63 =  1 0 -3.1 ± 1.9. This value 
implies that the neutral equilibrium lies far toward the side of the amino- 
urea 1 in acetonitrile. Similarly, the value of K., the equilibrium constant for 
cyclization of the conjugate base of 1 to 73, could be calculated by the same 
method. From the relation Ka (app) = K.Ka (1), K. is equal to Ka (app)/Ka (1). 
With a value of pKa (1) = 30 in H2O, therefore pKa (1) = 38.1 in acetonitrile.
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It follows that K. = (10-24.63 ± 1.8)/(10-38.1 ± 0.5) = 1038.1-24.63 = 1013.5 ± 1.9. In this 
case, the equilibrium between the anionic species lies far to the side of 
tetrahedral anion 73.
Whether the ring closure and ring opening occur in several discreet 
mechanistic steps or in one concerted step cannot be discerned from the 
available data. The curvature of the plots of kf vs. initial t-BuOK 
concentration suggests that the topomerization is not simply first order in t- 
BuOK. The IR experiments suggest that the Ka of t-BuOH and the Ka (app) of 
1 are approximately the same. From this data, it can be inferred that the 
basicity of t-BuOK and 73 are approximately equal. However, plots of kf vs. 
k[t-BuOK] + k'[73] were still curved regardless of the values of k and k'. A plot 
of kf vs. (initial concentration t-BuOK)3 was roughly linear. However, there 
are no mechanistic possibilities that could account for this observation. It has 
been pointed out83 that optimizing both kf and populations of 1 and 73 
simultaneously introduces a great deal of error into the optimized values.
In fact, when kf values were determined while holding the populations of 1 
and 73 constant, the resulting values of kf were 16-22% less than the reported 
values in Table 1-8, entries F-H. A 100% difference for kf was observed in 
Table 1-8, entry I when 1 and 73 were held constant (kf = 100,000 sec-i).
It is clear that in the base-catalyzed topomerization of 1, the kobS for the 
reverse reaction (ring opening) becomes slower than the kobs for the forward 
reaction (ring closure) as base concentration is increased (Table 1-10). In the
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acid-catalyzed topomerization experiments of amino-urea 1 studied by Wang, 
kinetic data suggested that the step involving formation of tetrahedral 
intermediate 48 was slower than the step involving breakdown of the C-N 
bond of 48. In the base-catalysis case presented here, the conversion of amino- 
urea 1 to 73 is rate-determining at low concentrations of t-BuOK (Table 1-10, 
A-D). At high base concentration (Table 1-10, F-I), the rate of conversion of 
tetrahedral anion 73 to amino-urea 1 is rate-determining.
Table 1-10. Comparison of kf and kr at Different Equilibrium Concentrations 
of t-BuOK ([t-BuOK] Calculated for ApKa = -0.0103).
Init. Cone. t-BuOK kf (sec-1) kr (sec-1)
A 0.00 110 a
B 0.022 17.5 470
C 0.090 19.8 134
D 0.592 1557 1890
E 0.792 10772 a
F 1.37 15549 6920
G 1.38 23000 6920
H 1.50 35000 9900
I 2.24 200000 40000
a not calculated
Fast, degenerate transamidation of amino-urea 1, which was initially 
reported by Wang and Weisman, is therefore possible by acid- or base- 
catalysis. Three factors can be cited to account for the fast transamidation.
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The first is the existence of the donor-acceptor transannular interaction in 1, 
which was proven by IR data. This factor is important in the base-catalyzed 
experiments because the incipient C-N bond formation may weaken the N-H 
bond. The second factor is that the urea function is distorted from planarity, 
which enhances the carbonyl reactivity. Again, the distortion of the urea 
from planarity was proven by IR data. The third factor is the conformational 
biasing of amino-urea 1. Amino-urea 1 is already aligned for attack of the 
amino lone pair on the carbonyl carbon. This means that the transannular 
reaction of the amino group and the urea carbonyl is entropically more 
favorable than an intermolecular reaction of the same type.
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Kinetic Studies of Topomerization of 1.4.7-Triaza-10-Oxobicyclor5.2.11Decane 
01in_D20
In the acid-catalyzed kinetic studies of amino-urea 1 in D20 , Wang 
observed that in the 13C NMR spectra, the three methylene signals of 1 





This dynamic behavior was attributed to the topomerization of amino-urea 1, 
which increased in rate with increasing acid concentration. In the pD range 
8.1 -6.7, the carbonyl peak remained sharp, which is strong evidence that the 
transamidation proceeded through a standard tetrahedral mechanism, as was 
discussed in the background. However, it is evident from inspection of 13C 
NMR spectra acquired by Wang that the carbonyl signal of amino-urea 1 is 
significantly broadened at pD 8.4 and above.
Based on the base-catalyzed kinetic study described in the previous 
section, we believed that it was possible that the carbonyl broadening could be 
due to a base-catalyzed transamidation process, and that this change most 
likely occurs somewhere in the pD 8 to 9 range. In order to test the hypothesis 
that, at higher pH, topomerization of 1 takes place by a base-catalyzed
79
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mechanism, two NMR experiments were performed to examine the behavior 
of 1 in basic solution. The hydrolytic reactivity of 1, which is high in basic 
aqueous solutions, precluded the complete kinetic study of the 
topomerization. In each experiment, 1 was dissolved in strongly basic 
aqueous solution (basicity adjusted with 12 M NaOD). In the 1H NMR, the 
methylene resonances of 0.35 M 1 in 2.9 M aqueous NaOD appeared as an 
apparent AA'BB' spectrum at 3.02-3.15 and 3.24-3.39 ppm (Figure 1-17). A 
second product is evident in the 1H NMR spectrum which has two peaks at 
2.71-2.77 and 2.80-2.88 ppm of equal area. A third peak at approximately 3.3 
ppm is obscured by the BB' of the AA'BB' multiplet. This resonance can be 
inferred by the difference in integrated area of the two halves of the AA'BB'. 
This area difference is equal to the area of each of the two other resonances. 
These three resonances are believed to be the carbamate degradation product 
(79). After five minutes in the basic solution, the *H NMR spectrum showed 
that 1 had been completely hydrolyzed to 79 (Scheme 1-26). Amino-carbamate 
79 was exceptionally stable in basic solution, remaining unchanged even after 
4 days.
Scheme 1-26






Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Evidence for the existence of compound 79 comes from 1H and i3C spectra 
acquired after 4 days (Figure 1-18). In the 13C NMR spectrum (D2 0 , dioxane 
internal reference at 67.4 ppm), four peaks were evident at 47.19,48.07,53.43 
and 164.9 ppm. Acidification of the NMR sample of 79 was carried out by 
adjusting the sample to pD 2.00 (12.1 M DCI/D2O). As acid was added, 
effervescence was observed in the NMR tube, which is likely due to 
decarboxylation of the carbamate. After effervescence had subsided, a single 
peak was observed in the 1H NMR at 3.84 ppm and a single peak was 
observed in the 13C NMR at 41.98, which corresponds to the decarboxylation 
product: l,4,7-triazacyclononane-3HCl (Figure 1-19). (The 1H and 13C NMR 
spectra were consistent with a literature report of a pure sample of 1,4,7- 
triazacyclononane-3HCl in D2O.84)
A separate experiment was performed in which a 13C NMR spectrum 
of 0.38 M 1 in 8.6 x 10-3 M aqueous NaOD solution was acquired. A 
dynamically broadened peak at approximately 50 ppm which comprised all 
the methylene groups in 1 was evident in the 43C NMR spectrum. A single 
resonance was observed at 182.2 ppm which corresponds to the carbonyl 
signal. The chemical shift of the carbonyl signal is consistent with shifts 
observed by Wang for amino-urea 1 in aqueous solution. It is apparent from 
the spectral evidence that amino-urea 1 undergoes degenerate transamidation 
by a base-catalyzed process in basic aqueous solution. Whether the tetrahedral 
intermediate is stable in the basic solution, as it is in CD3CN, is not certain.
81
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Also, the concentration of the tetrahedral anion intermediate is unknown at 
this base concentration, though it is clear from the existence of the carbonyl 
signal and the dynamically broadened peak at 50 ppm that there is a 
significant concentration of amino-urea 1 in solution. Seven other sharp 
resonances appear in the 13C NMR spectrum of amino-urea 1 in Na0 D /D 2 0 . 
These peaks appear at 44.16,47.24,48.12,50.70,53.59,55.43 and 60.13 ppm. Of 
these peaks, the three at 47.24, 48.12 and 53.59 ppm are consistent with amino- 
carbamate 79. Three other peaks are believed to be due to the product of the 
attack of hydroxide on the acyl carbon (Scheme 1-27).
Scheme 1-27
The 13C shifts of methylene carbons of this tetrahedral anion should be 
similar to those of amino-urea 1 in D2O. In D2O (pD 9.0), the methylene 
carbons of 1 appear at 46.68,51.28 and 62.39 ppm. Of the four resonances not 
accounted for by 79 in the 13C NMR spectrum, it is likely that three are due to 
the tetrahedral anion shown in Scheme 1-27. The single remaining 
resonance could not be firmly assigned.
82
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Figure 1-17. and 13C NMR Spectra of Amino-urea 1 
in NaOD/D20.
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Figure 1-19. 1H and 13C NMR Spectra of Amino-urea 1 Degradation
Product After Acidification (pD = 2.00)
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Estimation of the pKa of 4-Methyl-10-Oxo-1.4.7-Bicyclol5.2.11Decane ('80')
1H NMR is a useful method for determining the extent of protonation 
of ionizable functionalities.85 Upon partial protonation of an ionizable 
functional group such as an amine or carboxylate, adjacent nuclei tend to 
undergo significant chemical shift changes which are related to the ratio of 
[B]/[BH+]. A plot of chemical shift changes for one or several reporter nuclei 
can be used to determine the pKa of the ionizable group.
Direct determination of the pKa of the conjugate acid of amino-urea 1 
by NMR titration is not possible because 1 topomerizes in acidic solution and 
is readily hydrolyzed. Therefore, the pKa (D2O) of the conjugate acid of 80, the 
N-methyl analog of 1, was determined by NMR titration in order to allow 
estimation of an approximate pKa of the conjugate acid of 1. This 
determination was of interest to us because of the results of the acid-catalyzed 
topomerization carried out by Wang.
It has been proven by IR spectroscopy that, like 1,80 has a transannular 
interaction present in the medium ring.86 However, because there is no 
hydrogen on the amino nitrogen, 80 is unable to topomerize. Therefore, the
80
86
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distinct chemical shifts for a reporter nucleus in the 1H NMR such as the N- 
methyl group allows for the possible determination of the pKa by NMR 
titration. In this case, the approximate pKa can be determined from the center 
point of the steepest portion of the titration curve.85a
To determine the pKa value of compound 80, *H (360 MHz) and 13C 
(90.56 MHz) NMR spectra were recorded on a Bruker-AM360 FT-NMR 
spectrometer. Samples were run in a 5-mm diameter tube at room 
temperature with D2O as a solvent. Five (iL of 1,4-dioxane was added as an 
internal reference, and reported chemical shifts are referenced to the dioxane 
peak set at 3.75 ppm. To a 0.27 M solution of 80 in D2O was added successive 
portions of 3 M DC1 in D2O. pD values were measured at 25° C by an Ingold 
pH electrode (model 6030-03) with an Orion Digital Ionalyzer 501 pH meter. 
pD was taken as instrument reading plus 0.4.87 Table 1-11 lists the observed 
chemical shifts and assignments of 1H signals for compound 80 (0.266 M total 
concentration in D2O) following each addition of acid. pD vs. chemical shift 
values of the N-methyl reporter group are plotted in Figure 1-20.
On protonation, the N-CH3 signal of compound 80 gradually shifted 
downfield in the *H NMR (Figure 1-21). Between pD 7.10 and 5.88, the N- 
methyl signal was dynamically broadened. At pD 5.88 the signal decoalesced 
into two distinct resonances. The dynamic behavior is attributed to 
protonation of the amine nitrogen leading to the formation of two 
diastereomeric conjugate acids, 81 and 82. Therefore, there is a possible error
87
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of several hundredths of a ppm associated with the chemical shifts at pD 6.78 
and 6.33 due to the relative errors in the integrations of the peak areas. The 
reported chemical shifts at pD 5.88 and 5.28 are average chemical shifts of the 
two diastereomeric methyl resonances. A table of chemical shifts vs. pD is 
shown in Table 1-10.
The possibility that, upon protonation, the closed tautomer 82' was being 
formed was considered. However, comparison of a fH NMR spectrum of 82", 
the O-methyl analog of 82', in D2O with pD adjusted to 5.3 (pD adjusted with 
DCI/D2O), to the NMR spectrum of 80 at pD 5.28 indicated that only 81 and 82 
were present in solution.
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are the chemical shifts of nuclei A and B and xa and xb are the mole fractions 
of each diastereomer.
Save = SaXa + SbXb Equation 1-6
Therefore, at pD 5.88,8N-CH3 = (2.82 x 0.98) + (2.60 x 0.02) = 2.82.
At pD 5.28, 8N-CH3 = (2.96 x 0.928) + (2.60 x 0.072) = 2.94.
The pKa value of 80 is estimated as the center of the steep portion of 
the titration curve. It can thus be inferred from Figure 1-20 that the pKa of 
compound 80 is approximately 6.
The pKa of an ionizable group is affected by several factors, among 
which include electrostatics, inductive effects, electron delocalization, 
hydrogen bonding, conformational differences and steric effects. In general, 
the pKa of most aliphatic, secondary amines i s l l . l ± 0 . 1 - n x  0.2, where n is 
the number of methyl groups covalently bound to the basic nitrogen atom. 
Most aliphatic, tertiary amines fall within 10.5 ± 0.2 - n x 0.2.88 Cyclic five- and 
six-membered amines generally fall within this range as well. The decrease 
in pKa on going from a 2° to a 3° amine is generally attributed to the cation of 
the latter having only one H-atom bound to the nitrogen atom, so that 
stabilization of the hydrogen bonding of the type R3N+ H —• OH2 is much less 
attractive than for secondary amines. Based on these estimates, the difference 
in pKa between the conjugate acids of amino-ureas 1 and 76 is approximately 
0.6-0.8 (the difference being larger than 0.5-0.6 due to the methyl group
89
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attached to the basic amine in 80). This would place the value for the pKa of 
the conjugate acid of 1 at approximately 6 .6-6.8 . This value correlates well 
with experimental observations made by Wang in the acid-catalyzed 
topomerization of 1 in D2O.
90
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Figure 1-20
pKa Determination for N-Methyl [5.2.1] Aminourea
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Table 1-11. *H NMR Chemical Shift (8) of N-Methyl Functional Group in 80 












5.88 2.82 (0.98) + 2.60 (0.02)b
5.28 2.96 (0.928) + 2.60 (0.072)b
a N-Methyl group dynamically broadened
b chemical shifts for each N-CH3. Relative integration values of respective 
peaks are in parentheses
At pD 6.7, the rate of topomerization leveled, which was attributed to the 
increased concentration of the conjugate acid of 1. According to the 
experimental data, this value corresponds to the likely pKa value of the 
conjugate acid of 1 .
92
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Figure 1-21. XH NMR (360 MHz) of Amino-urea 80 in D20
pD Adjusted with DC1/D20 .
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Figure 1-21 (cont.)
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Figure 1-21 (cont.)
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Figure 1-21 (cont.)
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Figure 1-21 (cont.)
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Protonation of Amino-urea 1
Leonard and coworkers have used infrared spectroscopy to identify 
transannular interactions in medium ring amino-ketones.89 In these cases, 
the carbonyl absorption band in the infrared spectrum is shifted to lower 
frequencies than those in a typical medium ring ketone because of a 
transannular interaction. The IR carbonyl stretch of 83 at 1694 cm-1 is not 
strong evidence for a transannular interaction when compared to a normal 
ketone carbonyl stretching frequency for cyclooctanone of 1700 cm-1 (Scheme 
1-28). However, the carbonyl absorption in amino-ketone 85 is at 1681 cm-1, 
which is considerably lower than the normal ketone-carbonyl stretching 
frequency, is considered as strong evidence for a transannular nitrogen- 
carbonyl carbon interaction. This shift was attributed to a decrease in double 
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Upon addition of perchloric acid to 83 and 85, protonation occurred on 
oxygen (84 and 86), with formation of a C-N bond. In both cases, this was 
offered as evidence for the presence of a transannular interaction. The 
driving force for the transannular interactions and reactions has been 
rationalized to be due to relief of ring strain and the negative enthalpy of 
bond formation between the transannular functional groups.
Leonard did not observe tranannular reactions in rings larger than 10- 
membered. The 11-membered amino-acyloin 87 displays a normal carbonyl 
absorption band at 1700 cm-1 (Scheme 1-29). Protonation of the 11-membered 
ring occurs on the nitrogen to yield the ammonium salt 88 .
Scheme 1-29
Evidence for nitrogen protonation came from the IR spectrum of the product, 
which displayed a carbonyl absorption band at 1700 cm-1. If protonation had 
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product. Protonation of the amino nitrogen has been observed in larger 
amino-acyloin rings as well. However, addition of perchloric acid to the 9- 
membered amino-acyloin 89 resulted in protonation on oxygen.
In Leonard's work, transannular interactions were not observed in 
medium ring amino-ketones where the donor and acceptor groups were not 
opposite one another in the ring. This was proven by the protonation of 
amino-ketone 91 (Scheme 1-30). Amino-ketone 91 and its conjugate acid 92 
have normal carbonyl stretching frequencies at 1700 cm-i and 1698 cm-i 
respectively, which indicates that no transannular interaction is present in 91, 
and protonation occurs at the amine nitrogen.
Scheme 1-30
91 92
Given this literature precedence of protonation as evidence for 
transannular interactions in medium-ring aminoketones, the protonation of 
amino-urea 1 was attempted. Wang had unsuccessfully attempted to isolate 
the product of amino-urea 1 with strong acid. In these cases, the conditions 
used were trifluoroacetic acid (TFA) in CHCI3 and dry HC1 in CHCI3. The 
failure to isolate a product was attributed to the presence of adventitious 
water in the reaction, which caused hydrolysis of 1 .
101
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In the present experiments, addition of trifluoroacetic acid to an ether 















The IR (KBr) spectrum of the ammonium trifluoroacetate salt shows a shift 
in the carbonyl stretching frequency to 1715 cm-1 from 1680 cm-1 for the 
amino-urea (Figure 1-22). A second carbonyl band at 1666 cm-1 is attributed to 
the CF3COO- carbonyl. Multiple bands extending from 3023 to 2699 cm-1 and a 
medium band at 1581 cm-1 are consistent with N-H stretching and N-H 
bending, respectively, of a secondary ammonium salt.90 While the IR 
strongly suggests that the major product of the reaction is N-protonated 93, 
the presence of a small amount of O-protonated 94 cannot be ruled out. 
Dissolution of the ammonium salt in CDCI3, in which the compound was 
only slightly soluble, or CD3CN resulted in tH and NMR spectra 
consistent with fast intermediate topomerization of amino-urea 1. This can
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102
be attributed to the solvent-mediated proton transfer from 93 (or 94), resulting 
in the observed topomerization.
Transannular reactions have been used as strong evidence for the 
existence of transannular donor-acceptor interactions. However, in this case, 
although the presence of a transannular interaction in 1 has been proven by 
IR spectroscopy, the major product is N-protonated tautomer 93. The product 
ratio is likely due to several factors. Foremost, it is likely that the higher 
stability of 93 with respect to the closed tautomer 94 is due to the resonance 
stabilization of the urea carbonyl, which exists in only the open tautomer. 
According to semi-empirical AMI gas-phase calculations performed by Hill,7 
"chain" tautomer 93 is enthalpically more stable by 1.121 kcal-moH than 
"ring" tautomer 94. It is also possible that this enhanced stability for the open 
tautomer 93 can be attributed in part to the stabilizing intramolecular 
hydrogen bond in the open tautomer, which is not present in the closed 
tautomer. According to Valters and Flitsch,9i "if the structure of an open 
tautomer has the steric requirements for the formation of an intramolecular 
hydrogen bond with a proton-donating group participating, the stabilization 
of this isomer may ensue."
103
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Attempted Trimethylsilvlation of Amino-urea 1
We expected the high bond energy of the Si-O bond (452 kj moH) to be 
a driving force for the O-silylation of the [5.2.1] amino-urea as opposed to N- 
silylation. However, our attempts to silylate amino-urea 1 were unsuccessful.
Two sets of conditions were used in the attempted trimethylsilylation. 
The first attempt was to use standard conditions for protection of an alcohol: 
MeaSiCl and triethylamine in THF (Scheme l-32).92 Immediate precipitation 
of NEt3-HCl on addition of Me3SiCl indicated that a reaction had taken place. 
However, after work-up of the reaction mixture, NMR spectral analysis 
indicated that hydrolysis of the amino-urea had occurred.
Scheme 1-32
Most likely, this was due to the reaction with adventitious water, even 
though the reagents were carefully dried prior to the procedure and the 
reaction was run under nitrogen. The reaction was attempted again with 
NaH and MesSiCl in THF (Scheme 1-33). As before, the only isolated product 
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Scheme 1-33
r \ 1) NaH2) Me3SiCI Kl M
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Adventitious water is likely to cause problems with a hydrolytically reactive 
compound like 1. When a reaction of this type is run on a small scale, it is 
extremely difficult to remove all water from the reaction. Therefore, it is 
possible that the product could be formed if the silylation is run on a larger 
scale.
Kinetic Studies of Topomerization of N-Methyl-N'-fMethvlaminoethyl)- 
Imidazolidin-2-one (91 in DoO by 2D NMR
Monocyclic amino-urea 9 was prepared by Wang as a model compound 
to compare the rate of the acid-catalyzed transamidation with that of the 
bicyclic urea 1. However, under conditions which had caused rapid 
topomerization of 1, no dynamic broadening was observed in the or 13C 
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Based on the experimental results, Wang had calculated the upper limit for 
the rate constant for topomerization of 9 to be 5.3 sec-1 by the coalescence 
temperature approximation equation. To confirm these results, lineshapes 
for the 13C NMR resonances were calculated by the complete bandshape 
method (CBS) to calculate an upper limit for the topomerization rate 
constant. NMREX, a multisite dynamic NMR simulation program was used 
to simulate lineshapes. For the two site exchange, NMREX uses the lineshape 
equation as expressed by Rogers and Woodbrey.94,95 in the two-site 
degenerate exchange system, the population of each site is 1/2. The effective 
transverse relation times (T2*) were estimated from the reciprocal of the 
product of n and the full width at half height of a sharp signal (1,4-dioxane) in 
the 13C NMR spectrum. The results are in agreement with the upper limit 
calculated by the coalescence temperature approximation. Dynamic 
broadening was initially observed between k = 5 and k = 10 sec-1, which means 
that the upper limit for the rate constant for topomerization calculated by this 
method is approximately 5 sec-1.
The lower reactivity of 9 with respect to 1 was rationalized in terms of 
the planarity of the urea moiety and the conformations of the compound. 
Because the urea moiety in 9 is in an unstrained 5-membered ring, the 
nitrogen lone pairs are better conjugated with the carbonyl, thus making the 
urea less reactive toward nucleophiles than the strained urea in 1. In 
addition, the amino lone pair is not held in a position transannular to the
107
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carbonyl as it is within the bicyclic framework of 1 .
Because of the lack of dynamic broadening in the experimental ID 
NMR, studies of the topomerization of 9 were run with the 2D EXSY method 
and D2O as solvent at pD ranging from 6.7 to 10.90. Adjustment of pD was 
performed by addition of 2.8 M DCI/D2O to lower pD and 2 M Na0 D/D 2 0  to 
raise pD. A 0.144 M solution of 9 in D2O was prepared by dissolving 10.4 mg 9 
in 0.90 mL D2O. 1,4-dioxane (5 [iL) was added to the sample as an internal 
reference. pD values were measured at 25°C with a pH electrode connected to 
an Orion Digital Ionalyzer pH meter. pD values reported are instrument pH 
readings plus 0.4. In the 2D EXSY spectrum, site-to-site exchange is indicated 
by cross peaks in the spectrum. An inversion recovery pulse sequence (180°- 
t-  90°- acq) was used to obtain iH relaxation times (Ti) of 9 and to estimate the
relaxation delay to be used between each pulse sequence (Tdelay ~ 2.0 sec). *H 
Ti values (in seconds) were experimentally determined and are shown in 
Figure 1-23.




2.60 0  1 !_ H 1-841.17
Pure absorption mode EXSY spectra were recorded from the conventional
108
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
NOESY 90°-Ti-90o-TmiX-90° -acq phase sensitive pulse seq u en ce9 6  with 102412 
and 512 ti data points and with time-proportional phase incrementation 
(TPPI). Both dimensions were apodized by a 60° phase-shifted sine bell 
window function. No zero filling was used in either the t2 or ti dimension. 
The final 2D spectra were obtained after Fourier transformation.
Cross-peaks in the 2D NMR were only observed at pD 10.55 (Figure 1- 
24). A summary of results is listed in Table 1-12. From the 2D EXSY, the 
observed rate constant (kDbs) for the topomerization can be obtained for the 
two site system from Equation 1-7.
where r = (Ia a  +  Ibb) / ( I a b  +  Ib a )/ or the ratio of the sum of diagonal peak 
intensities over the sum of cross peak intensities, and tm is mixing time used 
in the NMR experiment. Peak intensities in the 2D spectra were integrated by 
the standard Bruker integration algorithm in DISNMR v. DISR89. Integrated 
peak areas used were for the chemical exchange of methyl protons 1 and 9.
From this equation, at pD 10.55,
r = (1.62 x 107 + 1.63 x 107)/(2.75 x 105 + 1.17 x 106) = 22.4 
kobs = 1/0.600 sec x In (23.4/21.4) = 0.144 sec-t
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Specific error limits cannot be assigned to this value because only one NMR 
experiment was performed under these conditions. Typically, the values of 
kobs obtained by 2D EXSY are very reliable if kobs ^ 1/Ti and fairly reliable 
within an order of magnitude of this value.9? In order to assign error values 
in the 2D EXSY experiment, the experiment must be run with a number of 
mixing times (tm)- Because of the large amount of instrument time that 
would be required to carry out a variable tm EXSY (>2 days), only single tm 
experiments were carried out.
The fact that the maximum observed rate enhancement for the acid- 
catalyzed topomerization of 9 in D2O occurred at 10.55 is not surprising. The 
pKa of 9 was previously estimated by an NMR titration method to be 
approximately 10.5,6 which is a typical value for a secondary amine.98
Table 1-12 . Topomerization Rates of 9 in D2O Measured by 2D-EXSY
pD T(°C) kobs (sec-1)
6.70 amb. no topomerization observed
9.00 amb. no topomerization observed
10.20 amb. no topomerization observed
10.55 amb. 0.144
10.70 amb. no topomerization observed
10.90 amb. no topomerization observed
110
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Figure 1-24. EXSY Spectrum of 9 in D20  pD = 10.55 
(Cross-Peaks in EXSY Indicated by Arrows)
r\
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In the case of 1, a rate maximum for the acid-catalyzed topomerization was 
observed at pD 6.7. Below this concentration, it was observed that there was a 
leveling effect in the topomerization due to an equilibrium shift toward the 
protonated amine species. Similarly, at pD 10.55, there is undoubtedly a 
significant equilibrium concentration of 9 as the pKa for the secondary amine 
is approached (Scheme 1-34). In this case, no topomerization was seen at pD 
10.20.
Scheme 1-34
Of course, given the observation that at pD > 8.4 amino-urea 1 is believed to 
topomerize by a base-catalyzed mechanism, it is possible that the observed 
topomerization of 9 is base-catalyzed. However, it is unlikely that this is the 
case, given the fact that the amino group in 9 has been demonstrated by pKa 
measurements to have a "normal" amine pKa (10.5).6 It is therefore unlikely 
that an interaction exists in 9 between the amino nitrogen and the urea 
carbonyl as there is in 1. Thus, the deprotonation of the amine by hydroxide 
is unlikely. Unlike the transamidation reactions studied by H esse ,55 there is 
no stabilization of an intermediate on the mechanistic pathway which could 
be cited as a driving force for this reaction to occur.
o H
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Semi-Empirical Calculations of Amino-Urea 9 and Cyclic Tautomer 95
Computational studies" were carried out on ring-chain tautomers 9 
and 95 at the semi-empirical100 and ab initio101 levels of theory in order to 
quantify the strain involved in cyclization of amino-urea 9.
There are several assumptions in our computational study which must be 
pointed out. First, there are three bond rotations in 9 which are not present 
in 95, which means the entropy of 9 is greater. The calculations do not 
account for the differences in entropy. Second, the calculations do not 
account for all the possible conformers of 9. A complete calculation of the 
true AHf° for the real molecule would need to include all conformers which 
are significantly populated. Nevertheless, the calculations do provide an 
estimate of the energy differences between the two tautomers which are due 
to strain.
A summary of relative energies is given in Table 1-13. Calculations 
were performed with the Spartan molecular modeling program (v. 3.0)102 on 
a Silicon Graphics Indigo Workstation running the Unix operating system. 
Initial structures were input in the Spartan builder mode and optimized 
using the geometric parameters of the TRIPOS force field. Amino-urea 9 was
r ~ \
o h / OH \
9 95
113
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geometry optimized at the AMI level of theory starting from several different 
geometries in order to obtain a lowest energy structure for the 
conformationally flexible model. Semi-empirical AMI, AM1/AQ103 and ab 
initio 3-21G104//AM1 and 6-31G*i05//AMl levels predict greater stability 
(lower energy) for the open tautomer 9 with respect to 95 whereas PM3 and 
PM3/AQ incorrectly predict lower relative enthalpy for tautomer 95. The 
semi-empirical AMI geometry optimized structures that were calculated are 
presented in Figures 1-25 and 1-26. The spectral evidence clearly indicates that 
9 is the major tautomer. We believed that the difference in AHf° between the 
open and cyclic tautomers could be used to approximate the energy of 
activation of the amino-urea on going to the cyclic transition state, assuming 
the free energy difference was due entirely to strain.
Table 1-13. Relative Energies of Tautomers 9 and 95 Calculated at Semi- 
Empirical and Ab Initio Levels of Theory
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Therefore, knowing the energy difference between 1 and its ring tautomer 48 
and 9 and its ring tautomer 95, the rate ratio of 1 with respect to 9 which was 
due to strain could be calculated from the Eyring equation.
-agV kt(?)
k , / b .   ------    .  .  lfc(tM„ 0 |r | .9|
-a gV r t(?)
Where: kj = rate constant for process i, k  is the transmission coefficient 
(usually taken as 1), kg is the Boltzmann constant, T is temperature, h is 
Planck's constant, R is the gas constant and AGtj is the free energy of 
activation for process i. However, ab initio calculations for relative energies 
of 1 and its closed tautomer 48 resulted in calculated values in which the 
closed tautomer was lower in energy/ which is contrary to the experimental
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evidence. Therefore, the estimation of the rate ratio was determined from 
AMI (gas phase) values, which for amino-urea 1 and hydroxyorthoamide 48 
were determined by Hill7 to be -5.057 and 6.380 kcal-mol'1, respectively. Using
these values, AAHf is equal to
AAHf(47 - 1) = 6.380 kcal-mol'1 - (-5.057) kcal-mol'1 
= 11.437 kcal-mol-1 
This value can be entered into Equation 1-8. According to Table 1-13,
AAHf (95 - 9) = 15.942 kcal-mol'1- Therefore,
(AAHf (95 - 9) - AAHf (48 - 1))/RTkj/kg — e
(15942 cal-mol'1 - 11437 cal-mol’1/ (1.9872 cal-mol^-K"1 x 298 K)
= e
= 2.01 x 103
While this value is rather crude, based on the fact that there are many 
assumptions which are implicit in the model, it does provide at least an 
estimate of the rate enhancement which is due to strain.
Determination of Effective Molarities for Amino-ureas 1 and 9 and 
Experimentally Determined Rate Ratios.
The rapidity of the dynamic processes in 1 and 9 led us to examine the 
intramolecular "model" reaction between 1,1,3,3-tetramethylurea (23) and
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diethylamine (96) in D2O in order to allow us to determine effective 
molarities (EM) of 1 and 9 (Scheme 1-35).106 By definition,107 an effective 
molarity is "the concentration of the catalytic group required to make the 
intermolecular reaction go at the observed rate of the intramolecular process. 
In practice many measured EM's represent physically unattainable 
concentrations, and the formal definition is probably relevant only in 
reactions where the formation of the ring or cyclic transition state per se is 
enthalpically neutral, or in diffusion-controlled processes." The EM is a ratio 
of the rates of intra- and inter molecular reactions of the same type and is 
typically used in the chemical literature to compare rates of various 
intramolecular processes.
Scheme 1-35
For a bimolecular reaction between two functionalities A and B in separate 
molecules, the rate of the intermolecular reaction is given by Equation 1-9, 
with a rate constant kin ter, which is expressed in units of M-i- sec-1-
The unimolecular (intramolecular) reaction will follow the rate law given in 
Equation 1-10, with a rate constant kintra/ which is expressed in units of sec-h
The ratio kjntra/k inter has the units of molarity (M) and represents the molarity
+ HNMe2
Rate = kinter[A][B] (Equation 1-9)
Rate = kintra[AB] (Equation 1-10)
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of one of the reactants which must be present to cause a smaller concentration 
of the second reactant to undergo reaction with a pseudo first-order rate 
constant equal to that at which the intramolecular reaction occurs. The 
calculation of meaningful EM's requires that the mechanisms for the 
compared intermolecular and intramolecular reactions be the same. Then, 
reliable rate measurements must be carried out under the same conditions for 
both reactions.
For our acyclic model reaction (Scheme 1-35), two separate experiments 
were carried out to determine the rate of the bimolecular transamidation. In 
the first experiment, five solutions were prepared in which the concentration 
of diethylamine in D2O was varied but tetramethylurea concentration was 
not (Table 1-14, A-E). The pD of each solution was adjusted to 10.55 with 6M 
DC1 and all solutions were adjusted to a total volume of 1.40 mL with D2O. A 
summary of the experimental conditions is given in Table 1-14 (A-E). *H 
NMR spectra of the solutions were acquired periodically over 70 days. During 
this time, no new signals for dimethylamine were detected in the !H NMR 
spectra of any of the solutions. In the second experiment, five solutions were 
prepared in which the molar ratio of 96:23 was kept constant at 10:1 and the 
pD of the solution was varied from 11.82-3.75 (Table 1-14 F-J). Again, no 
transamidation was observed over the course of the experiment, which was 
monitored by tH NMR for 30 days.
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Table 1-14. Experimental Conditions for Acyclic Model Transamidation of 
1,1,3,3-Tetramethylurea (23) and Diethylamine (96)
[92] (M) [23] (M) T(°C) pD Volume (mL)
A 3.5 0.12 amb. 10.55 1.6
B 2.8 0.12 amb. 10.55 1.6
C 2.1 0.12 amb. 10.55 1.6
D 1.4 0.12 amb. 10.55 1.6
E 0.69 0.12 amb. 10.55 1.6
F 0.83 0.083 65 11.82 1.0
G 0.75 0.075 65 11.40 1.0
H 0.59 0.059 65 11.01 1.4
I 0.55 0.055 65 10.49 1.5
J 0.54 0.054 65 3.75 1.6
Thus, the rate of transamidation for the acyclic model reaction was too slow 
to be reliably determined by conventional methods. However, if we assume 
23 undergoes transamidation, however slowly, the upper limit for the rate 
constant can be determined as follows.107 Typically, the pseudo-first order 
rate constant could be determined from Equation 1-11:
ln(Co/C) = kt (Equation 1-11)
where Co is the concentration of a reactant at t = 0, C is concentration at time t, 
and k is the rate constant. However, no transamidation was observed in the 
acyclic model reaction after 70 days regardless of diethylamine concentration. 
Therefore, an upper limit for the rate constant was determined by the initial 
rate method. This method is useful for slow reactions by following them to 
only 1 or 2% com pletion.^ in the bimolecular reaction, if we assume that
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2% of tetramethylurea had reacted after 10 weeks, the upper limit for the rate 
constant for the transamidation of 23, which was calculated from the results 
of Table 1-14 is determined by
k < ln(100/98)/(6.048 x 106) = 3.3 x 10-9 sec-1 
Since the upper limit for the rate constant is the same for all amine 
concentrations, kinter is determined by dividing k for the pseudo first-order 
process by the highest amine concentration, which was 3.5 M. Therefore, 
kinter ^ 9.4 x lfr10 sec-M -1
The rate maximum for transamidation of 1 was observed at pD 6.7, 
whereas the acyclic model reaction was run at pD's ranging from 11.82 to 3.75. 
The different pD's can be rationalized by the fact that the pKa of diethylamine 
is approximately 11.09,109 whereas the pKa of 1 is approximately 6 .6-6.8  due to 
the interaction between the amine lone pair and the urea carbonyl. Thus, the 
calculated lower limit for the EM of 1 is k i/  kinter ^ 6.7 x lCPsec-i/9.4 x 1(H° sec*1 
M-1 = 7.1 x 1012 M. From a review of the chemical l i te ra tu re ,19 the E M  we 
have obtained qualifies as one of the most dramatic examples of 
intramolecular rate enhancement for any bifunctional compound, and 
certainly the most dramatic example for amide aminolysis. Unfortunately, no 
examples of intramolecular urea aminolysis have been reported in the 
chemical literature, which would allow for a direct comparison of 
bifunctional compounds of the same type. The closest comparison is that of a 
series of carbamate aminolyses studied by Fife and coworkers.110 In this work,
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Fife reports that the EM for the aminolysis of p-nitrophenyl carbamate 97 was 
calculated to be >108M (Scheme 1-36).
Scheme 1-36
Other cyclizations which have been reported to have very high effective 
molarities are shown in Figure 1-28. Several ester aminolyses which have 
among the highest reported EM's for aminolysis reactions are shown there as 
well for comparison purposes.
Based on the 2D EXSY results, the calculated value for the EM of 9 is 
kintra/kinter ^ (1-4 x 1CH sec-i)/(9.4 x lO10 sec-i M-l) = 1.5 x 108 M. The rate ratio, 
which is equal to the ratio of EM1/EM 9, is therefore calculated to be equal to 
7.1 x 1012 sec-i/1.5 x 108 sec_1 M-1 = 4.7 x 104 M. To what extent the rate 
enhancement of 1 with respect to 9 is due to enthalpic vs. entropic 
considerations is unknown. The AMI calculations used in the previous 
section predicted a rate ratio k i/k 9 = 2.02 x 103 based on strain alone.
The most often cited value for rate enhancement due to entropic 
contributions is a factor of 5 per bond rotation, which was more recently 
updated by Mandolini to approximately 7.5 per bond rotation .^ 8 in amino- 
urea 9, there are three bond rotations which are not present in 1. From the
CHj
+ R O
97 R = p-nitrophenyl
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Mandolini value, the maximum rate enhancement due to entropy would be 
7.53 = 4.10 x 102. Therefore, based on these considerations and the semi- 
empirical calculations, there is likely a significant contribution to the rate 
enhancement due to the relief of ring strain in 1 on going to the transition 
state and a significant contribution due to entropy effects.
Figure 1-28
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Ar = Ph 1260
Ar = p-ClPh 1080 
Ar = m -N 02Ph 1700 
Ar = p-N 02Ph 5400
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Ar = Ph 490
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Spectral Analysis and Computational Results for 1.4.7.10-Tetraaza-13- 
Oxobicyclor8 .2 .ntridecane (10)
The goals in synthesizing bicyclo[8.2.1] amino-urea 10 were two-fold. 
Our primary goal was to examine for potential transannular donor-acceptor 
interaction and its effect on the reactivity of 10 as compared to other amino- 
ureas studied in our laboratories. As with our other aminoureas, we planned 
to use 1H and 13C NMR in order to determine rates of transamidation. Our 
second goal was to use the monourea as a protecting group for two adjacent 
nitrogens in cyclen. This would allow functionalization of cyclen on the 
other pair of adjacent nitrogens, which, following removal of the cyclic urea, 
would afford 1,2-difunctionalized cyclen. However, the low yield of the 
reaction and the difficulty encountered in obtaining the pure product 
precluded using the urea as a protecting group.
The 1H NMR spectrum of 10 in CDCI3 is quite complex (1H NMR 
expansion shown in Figure 1-29), and assignments were made based on 
analysis of the 2D 1H-1H COSY (Figure 1-30) and 1H-13C HETCORR (Figure 1- 
31) correlations. Assignment of the 1H and 13C NMR resonances based on a 
single static model is not possible for amino-urea 10 because of the numerous 
conformations of 10 which are significantly populated in the solution phase. 
Therefore, *H and 13C assignments were made based on comparison with 
NMR chemical shifts of appropriate model compounds. 13C NMR 
assignments are made in Table 1-15.
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Figure 1-30. Amino-urea 101H-1H COSY Spectrum
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Table 1-15.13C NMR Data for 10
Carbon Number C -ll, C-12 C-2, C-9 C-3, C-8 C-5, C-6 C-13
Chemical Shift 41.73 44.54 45.51 49.30 165.86
(ppm)
Amino-urea 10 has time-averaged Cs symmetry, which is apparent from the 
four chemical shifts in the upfield region of the 13C NMR spectrum.
j30
In the 1H NMR, there are two AA'XX' multiplets. The AA'XX' multiplet at 
3.48-3.53 and 3.56-3.61 ppm corresponds to the four ethylene protons in the 
imidazolidinone ring (H26,H28 and H27,H29). These signals correspond to the
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13C resonance at 41.73 ppm and are assigned to Cn and C12. This assignment 
can be made unambiguously by comparison to a model compound: N,N'- 
diethylimidazolidin-2 -one (106).
2 3
7 1 1  ^ 4 ,9
7 V n ^ n > /
6 T  8 
o  
106
Carbons C2 and C3 in the CDCI3 spectrum of 106 appear at 42.1 ppm.m  
Likewise, the four ethylene protons in the imidazolidinone ring appear as a 
singlet at 3.37 ppm. The other AA'XX' in the 1H NMR of 10 appears at 2.46- 
2.52 and 2.72 ppm (this resonance is partially obscured by an overlapping 6 H 
multiplet). This AA'XX' corresponds to the four ethylene protons between 
the amino nitrogens, H i9 ,H 2 i and H2o,H2 2- The 1H chemical shifts of these 
protons are in accordance with the tH chemical shift of the ring protons of 
cyclen, which appear at 2.69 in the 1H spectrum (CDCI3 solvent). Protons 
H i9 ,H2 i and H2o,H22 are connected to C5 and C6 , which appear at 49.30 ppm in 
the 13C NMR. The remaining two 13C resonances, at 44.54 and 45.51 are 
assigned based on comparisons to several bisureas, such as 6 6 , which have 
been studied by Wang. In general, pseudo-equatorial protons on the carbons 
adjacent to the imidazolidinone ring (in the case of 1 0 , H 15 and H2 4 , which are 
an enantiotopic pair) appear downfield from the other 1H resonances in 
polycyclic ureas. Therefore, by analysis of the HETCORR, C2 and C9 can be 
assigned to the 13C resonance at 44.54 ppm. The pseudo-axial pair, H14 and
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H 25 enantiotopic pair appear in the 2.74-2.87 ppm multiplet in the 1H NMR. 
The pseudo-axial pair, H22 and Hi 7, appear in the *H NMR at 3.04 ppm. The 
pseudo-equatorial pair, H2 3  and Hi6 are part of the 2.74-2.87 ppm multiplet in 
the 1H NMR. This assignment can be made on the basis of the 1H NMR 
coupling constants. This pseudo-axial pair has a 4.5 Hz coupling with the 
downfield ddd at 3.92. In general, cis couplings are smaller than trans 
couplings due to dynamic averaging of ax-eq/eq-ax coupling vs. eq-eq/ax-ax 
coupling. Therefore, this small coupling indicates that the two enantiotopic 
pairs are in a cis relationship. Again, by analysis of the HETCORR, the H2 3 /  
Hi6  and H2 2 /H 1 7  pairs of protons are attached to C4 and C7, which appear as 
the 45.51 ppm resonance.
The apparent AA'BB' multiplet which corresponds to the four ethylene 
protons in the imidazolidinone ring is of significant interest. This splitting 
pattern implies that the carbonyl group of the imidazolidinone is unable to 
"tuck" through the 11-membered ring on the NMR timescale. Tucking 
would interconvert the geminal imidazolidinonyl protons and average the 
signal to a singlet. The ability of intraannular substituents, such as the 
carbonyl group, to tuck through cyclophane rings has been extensively 
studied by Vogtle.U2 Numerous dithiametabenzophane rings of type 107 
(Figure 1-32) have been synthesized in order to measure the activation energy 
for the ring inversion process at the coalescence temperature by dynamic !H 
NMR.
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For example, in 107 if x = CN and n = 8 , the AGt is 23.6 kcal-mol-1, whereas 
when n = 9, AGt is 23.6 kcal-mol-1. Similarly, if x = CH3 and n = 7, the AGt is 
25.8 kcal-mol-1, whereas when n = 8 , AGt is 16.6 kcal-mol*1. The point at
which shortening the bridge by 1 methylene group significantly increases the 
activation energy is termed the "sterically critical region". It is likely, in the 
case of amino-urea 10, that the ring inversion process of the urea carbonyl 
through the 11-membered ring is sterically hindered. Therefore, the ring 
inversion process is expected to be slow on the NMR timescale.
Empirical force field calculations were also used in the study of amino- 
urea 10. A Monte Carlo Molecular Mechanics (MCMM) search of the 
conformational space of 10 was carried out by the Still implementation 
(AMBER*) of the Kollman AMBER force field113-1^  and generalized Born/ 
solvent accessibility (GB/SA) water and chloroform solvation models.us 
This was done in order to determine the conformations that 10 might adopt 
in solution. In each case, 10,000 MC steps were carried out to find all 
conformers within 5 kcal-moH of the global minimum. In the chloroform 
case, 29 conformers were found within 5 kcal-mol-1 of the global minimum; 4
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LZlH
were found within 1 kcal-moH. In the water case, 27 conformers were found 
within 5 kcal-moH of the global minimum; 4 were found within 1 kcal*moH. 
The global minima in chloroform and water are shown in Figures 1-33 and 1- 
34, respectively. An inherent problem with the AMBER* force field is that 
although AMBER* is among the best parameterized force fields for amide 
functionalities, it is not parameterized for transannular interactions. 
Therefore, it is likely that in the search of conformational space for low- 
energy conformers, some conformations which possess stabilizing 
transannular interactions may have been overlooked.
Topomerization Investigations of 10 in D?Q Studied by 1H and 1£C NMR.
Investigations of the possible degenerate transamidation 
(topomerization) of amino-urea 10 in D2O were carried out and monitored by 
1H and 13C NMR. Separate experiments were carried out in which an 
aqueous solution of 10 was titrated to strongly basic with Na0 D /D 2 0  and 
acidic with DCI/D2O. !H NMR spectra of 10 in D2O titrated with DCI/D2O are 
shown in Figure 1-35. Table 1-16 lists the observed chemical shifts and 
tentative assignments of the 13C resonances for amino-urea 10 at various pD 
values.
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Figure 1-35. Amino-urea 10 in DzO at Various pD Values 
(Dioxane internal reference at 3.75 ppm)
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Figure 1-35 (cont.)
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Figure 1-35 (cont.)
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Figure 1-35 (cont.)
(M-O Referenced to MeCN set at 2.05 ppm)
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Table 1-16. 13C NMR Chemical Shift Changes vs. pD
pD 8C-5,C-6 8C-3,C-8 5C-2,C-9 8C-11,C-12 8C-13
11.55 49.5 45.8 45.1 41.9 168.1
11.42 49.5 45.8 45.0 41.8 168.1
11.21 49.4 45.8 45.0 41.9 168.1
11.03 49.3 45.9 45.0 41.9 168.2
10.82 49.2 45.9 44.9 41.9 168.2
10.62 48.9 46.1 44.8 42.0 168.4
10.40 48.6 46.2 44.7 42.1 168.6
10.21 48.6 46.2 44.7 42.1 168.7
9.97 48.0 46.5 44.4 42.3 168.9
9.10 47.7 46.7 44.3 42.5 169.1
7.70 47.5 47.0 43.9 42.5 168.9
6.84 47.4 47.3 43.5 42.6 168.6
6.49 47.1 47.8 43.1 42.7 168.2
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Figure 1-36. Effect of Changing pD on 13C Chemical Shifts in 10
Effect of Changing pD on ^ C  Chemical 
Shifts in Amino-urea 10
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In no case was dynamic broadening observed in the 1H or 13C NMR. No 2D 
EXSY studies were performed in an attempt to measure the rate of 
topomerization of amino-urea 10. It is possible that the rate of 
topomerization might be measured by this method. In both the 1H and 13C 
NMR spectra, chemical shift changes are observed for the resonances as a 
function of protonation of the amine nitrogens. In Figure 1-36, the 13C
chemical shift (8) dependence on pD are plotted. In Figure 1-36, the titration 
curves show a "break" at 10-10.5. In many cases, 13C resonances can be used to 
determine the pKa of an ionizable compound.116 A normal pKa value for a
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secondary amine is 11.1 ± 0.2. Therefore, the break in the titration curve in 
Figure 1-36 is most likely reflective of the first protonation of 10. The second 
protonation of 10, which occurs at a lower pH, appears to be occurring at pD 
6.5. Again, this value is typical for the pKa2 of a cyclic polyamine.
There are several possible reasons for the slow transamidation of 10 on 
the NMR timescale. First, the five-membered urea ring is essentially free of 
strain. This fact can be inferred from the carbonyl stretching frequency of the 
urea carbonyl at 1681 cm-i, which is the same frequency as the carbonyl 
moiety in the stable cyclic urea 109.117 For comparison, a summary of IR 
carbonyl stretching frequencies for amino-ureas studied in these and Alder's 
laboratories is given in Table 1-17. No change was observed in the fH NMR 
of 10 in pD 1.65 aqueous solution (no buffer added) after 48 hours. Therefore, 
because of the lack of strain in the imidazolidinone ring in amino-urea 10, 
there is no ground state destabilization as there is in 1 .
Second, the 11-membered medium ring in 10 is able to adopt 
numerous low energy conformations in water, many of which are potentially 
stabilized by intramolecular hydrogen bonding. In order to react, the ring 
must adopt a conformation which is favorable for nucleophilic attack of the 
amine lone pair on the urea carbonyl. The amino-urea is not "pre-organized" 
in a reactive conformation as it is in the case of 1 .
141
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Equilibrium Position Between Amino-urea 10 and Amino-guanidinium 99 
Our experiments do not conclusively establish the position of the 
equilibrium between amino-urea 10 and guanidinium salt 111 (Scheme 1-37). 
Guanidinium salt 111 has been synthesized by two different routes by 
Richman and Simmons. 118 This amino-guanidinium is of particular interest 
due to the fact that at room temperature in protic solvents such as D2O and
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methanol-d4 the compound is observed as a broad singlet at 3.6 ppm in the 1H 
NMR spectrum.
Scheme 1-37
(HX = protic solvent or added acid)
The dynamically broadened singlet is a result of the fast degenerate 
rearrangement of 111 which is attributed to a transannular amino- 
guanidinium interaction. Richman and Simmons do not report any other 
peaks in the 1H spectrum of 111 which could be due to the formation of 
amino-urea 10. In general, guanidinium salts are very thermodynamically 
stable due to the resonance stabilization from the three nitrogens, and the 
approach to equilibrium in basic solution can be very slow.119,120 For 
example, Belial reported that after 41 days at room temperature, 34% of 
guanidine is converted to urea in the presence of one equivalent of sodium 
hydroxide.
In one experiment, amino-urea 10 was progressively titrated to pD 1.65 
and then left at this pD for two days. No spectral changes were observed in 
the 1H NMR spectrum during the two-day period. It is possible that the 
approach to equilibrium is very slow on the laboratory time scale. In the case
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of this equilibrium, it is impossible to say which compound is 
thermodynamically more stable. Unfortunately, computational methods are 
not reliable for predicting this equibrium due to the numerous 
conformations of both the amino-urea and the amino-guanidinium.
Although amino-urea 10 does not interconvert with the guanidinium 
salt under the conditions discussed above, it would be of interest to carry out 
the conversions by other chemical methods. One reagent which has been 
widely reported for conversion of ureas to guanidinium salts is POCI3 /DMF 
(Scheme 1-38).122<123 Typically, the reactive intermediate 113 is formed, which 
in the presence of an amine nucleophile gives a guanidinium salt (114). 
Scheme 1-38
n1 9 POCb r2 T  R a N H 2  .  R 2  j [ R  r 3






The presence of the two transannular nitrogens should make the 
guanidinium synthesis facile in this case. Another potential reagent which 
should accomplish this transformation is PCI5 , which should form a 
chloromethyleneamidinium salt (115) (Scheme 1-39).124 Attack of an adjacent 
nitrogen on the chloromethyleneiminium should afford the guanidinium 
salt 114.
144
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Scheme 1-39 
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Attempted Synthesis of N.N'.N/,-Tri-phenylmethyl-endo-7-amino-2.4-diaza- 
3-oxobicyclor3.3.nnonane (11)
Stetter and B r e m e n d s  have reported the preparation of amidinium 
salt 118 in two steps from N-functionalized cis,cis-l,3,5-triaminocyclohexane 
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The attempted preparation of amino-urea 11 from cis,cis- 
triaminocyclohexane (119) was undertaken following this general method of 
Stetter (Scheme 1-41). It was believed that the reaction of 116 with tetraethyl 
orthorcarbonate would afford the ethoxyorthoamide 121 , which upon 
hydrolysis of the orthoamide in aqueous acid should result in the formation 
of the stable amino-urea 11 .
145
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Scheme 1-41
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However, the synthetic sequence was not completed, hi Stetter's preparation 
of the orthoamide 117, the reported yield was 30.5% when the reaction was 
run on an 18-gram scale. Attempted synthesis of ethoxyorthoamide 121 with 
C(OEt)4 was carried out at the same concentrations. Analysis of 1H and 13C 
NMR spectra of the crude product showed only starting material was 
recovered.
The precursor cis,cis-119 was prepared in four steps from 
phloroglucinol dihydrate (122) (Scheme 1-42). Reaction of phloroglucinol 
dihydrate in water with three equivalents of hydroxylamine hydrochloride 
yielded the crude trioxime 123, which was obtained in 77% crude yield. It was 
not purified prior to subsequent reduction. Reduction of the trioxime by the
Lions and Martin m e th o d ^  gave a mixture of (la,3a ,5a)- and (la ,3a ,5P)-119
146
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in a 1:3.35 mole ratio based on integration of peaks assigned to each 
compound in the NMR spectrum. The overall yield of the mixture of cis,cis' 
and cis,trans-119 from phloroglucinol dihydrate was 13%. The two isomers 
were separated by reaction of a mixture of isomers with Ni(NC>3)2, which 
complexes selectively with the (la,3a ,5a)-119 to form a 2:1 coordination 
product (125).127 The coordination process is nearly quantitative.
Scheme 1-42
The ligand was then isolated by reaction of the 125 with 12 M HC1.
(la ,3a  ,5a)-119 is isolated as the amine salt. Benzylation of (la,3a ,5a)-119 
was accomplished in two steps using Stetter's method. The triimine 120 was 
prepared by reaction of cis,cis-119 with benzaldehyde in a two-phase ether/aq. 
sodium hydroxide reaction in 65% yield. Reduction of 120 was accomplished
OH
NH2 OH-HCI 
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by reaction with NaBHi to give 116 in 95% from 120.
Semi-Empirical Calculations on Model Compound 126
The preparation of 11 was attempted in order to examine the potential 
intramolecular amino-carbonyl donor-acceptor interaction. In addition to 
our synthetic effort, semi-empirical100 AMI and PM3 geometry optimization 
calculations were carried out by using gas phase and water solvation 
parameters103 in order to determine the ground state geometry of 11 . 
Calculations were performed using the Spartan molecular modeling program 
(v. 3.0) on a Silicon Graphics Indigo Workstation running the Unix operating 
system. Initial structures were input in the Spartan builder mode and 
optimized using the geometric parameters of the TRIPOS force field. For the 
purpose of reducing the computation time, model compound 126 was used, 
in which methyl groups replaced the benzyl groups which are present in 11 . 
The PM3 optimized structure, which does not differ dramatically from the 
other calculated structures, is shown in Figure 1-37.
O
11: R = CH2Ph 
126: R = CH3
148
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Calculations on an alternative structure of 126 with the hydrogen atom on 
nitrogen oriented toward the acyl carbon were not performed. Therefore, it is 
not known whether the calculated structures represent the global minimum 
conformation of 11. Rather, the calculated structures represent the 
conformation which would most likely possess an intramolecular interaction 
between the donor-acceptor groups. What follows is an analysis of the results 
of the calculated structures. In each of the geometry optimized structures, the 
urea nitrogens are partially pyramidalized such that the urea carbonyl is 
distorted toward the amino nitrogen. Pyramidalization is a common 
indicator of increased reactivity at sp2 hybridized centers.128 In the AMI and 
AM1/AQ cases, the carbonyl carbon is calculated to be displaced by 0.0522 A 
from the plane defined by its three substituents. In the PM3 and PM3/AQ 
cases, the calculated displacement is 0.0606 A. In each case, the amino lone 
pair is directed toward the urea carbonyl. The intramolecular carbonyl C- 
amino N distances determined using the different semi-empirical methods 
are summarized in Table 1-17. In each case, the distance is less than 3.2-3.25A, 
which is the sum of the van der Waals radii of carbon (1.65-1.70 A) and 
nitrogen (1.55A).129 The sums of the bond angles about urea nitrogens (X ocn) 
and carbonyl carbon (Zac)are also summarized in Table 1-18. XotN shows 
significant deviation from the value for an sp2 hybridized N (360°). The 
calculated C(3)-N(10) Mulliken bond orders130 for the four calculated 
structures were 0.00297 (AMI), 0.00310 (AM1/AQ), 0.00103 (PM3), and 0.00122
149
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(PM3/AQ).
Table 1-18. AM1/PM3 Calculated Values for Zapj, S ac and C-N 
Intramolecular Distances in Amino-Urea 126 (Numbering for Compound 126 
is shown in Figure 1-36)
Method S«N(4) S«N(2) 2«C( 3) C(3)-N(10) Distance (A)
AMI 351.3 354.2 359.4 2.819
AM1/AQ 351.0 354.1 359.4 2.810
PM3 349.5 349.5 3595 3.017
PM3/AQ 349.5 349.5 359.5 2.989
Dunitz and Biirgi have examined crystal structures of numerous 
compounds which possess nonbonded interactions of the donor-acceptor type 
between electrophilic carbon and nucleophilic nitrogen.^31 A correlation was 
observed in the crystal structures between decreasing intramolecular C—N 
distances and increasing A, which is defined as the displacement (in A) of the 
carbonyl carbon from the plane defined by its three substituents. An excellent 
fit was obtained for the crystal structure data with Equation 1-12 (Biirgi-Dunitz 
Equation):
di = -1.701 log n + 1.479 A Equation 1-12 
where di is defined as the intramolecular C—N distance and n = A/Amax. Amax 
is defined as the maximum displacement for the carbonyl carbon and is equal 
to 0.437 A. By using di values obtained from the semi-empirical calculations, 
A values were determined by rearrangement of Equation 1-12:
150
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A = 0.437 X 10 -^-1.4789/1.701)
A comparison of A values obtained directly from the geometry optimized 
structures vs. values calculated from C—N values obtained from geometry 
optimization calculations are summarized in Table 1-19.
Table 1-19
Method Geometry Optimized A Calculated A
AMI 0.0522 A 0.0712 A
AM1/AQ 0.0522 A 0.0721 A
PM3 0.0606 A 0.0545 A
PM3/AQ 0.0606 A 0.0565 A
Based on these results, the Biirgi-Dunitz equation predicts that the A
value would be greater by approximately 0.019 A in the AMI and AM1/AQ 
case if carbonyl deformation is due to an incipient bonding interaction. In the 
PM3 and PM3/AQ case, the Biirgi-Dunitz equation underestimates the 
carbonyl deformation by an average value of 0.0051 A. Overall, however, 
these values correlate quite well with the Biirgi-Dunitz observation. Based 
on these results, it is possible that an attractive donor-acceptor nonbonded 
interaction would exist in the actual compound.
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The X-ray crystal structure of hydroxy-carbonate ester 127 was reported 
in 1984 by N yb u rg .*32  Compound 127, which is the carbonate ester derivative
of (la,3a ,5a)-cyclohexanetriol (Compound 128; Scheme 2-1), was of interest 
to our research group because of potential intramolecular interaction between 
the hydroxyl group and the carbonyl and potential rapid degenerate 
transesterification (topomerization).
Scheme 2-1
Because of the rigid scaffolding of the cyclohexane ring in 128, the hydroxyl 
and the carbonate ester moieties are held in proximity to one another. Given 
the significant rate enhancements observed in many intramolecular systems, 
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of 127 relative to intermolecular reactions of the same type. If the rate range 
was appropriate, the potential three-fold degenerate rearrangement could 
potentially be studied by dynamic NMR.
The crystal structure of 127 does not show any evidence for an 
intramolecular donor-acceptor interaction between the hydroxyl oxygen lone 
pairs and the carbonate ester carbonyl group in the solid state (Figure 2-1), i.e., 
there is no distortion of the carbonate ester group from planarity. The 
hydroxyl group is distorted slightly away from the carbonate ester group. This 
distortion has been attributed to the intermolecular hydrogen bonding in the 
crystal state. Details of the intramolecular C(l)-0(7) distance as well as 
selected atomic distances and bond angles reported for the crystal structure are 
presented in Table 2-1.
Under appropriate conditions, the intramolecular transesterification 
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In this chapter, the base-catalyzed topomerization of hydroxy-carbonate 
127 will be discussed. In addition, theoretical semi-empirical calculations 
were carried out on 127 in order to compare the X-ray structure with 
calculated gas-phase and solution-phase geometries. A general review of 
proximity effects and enhanced rates of intramolecular processes has been 
presented in the previous chapter. The structure and reactivity of ester 
functionalities, as well as mechanism of transesterification, is discussed 
herein.
Table 2-1 . Selected Intramolecular Distances (A) and Bond Angles (deg) for 
Crystal Structure of Hydroxy-carbonate 127 (Numbering System Used is That 











































Structure and Reactivity of Carboxvlic and Carbonic Add Esters
Carboxylate and carbonate esters, like carboxylic amides and ureas, are 
resonance stabilized in the 0-C =0 unit.134 This resonance stabilization is best 
represented by the three resonance structures 129-131 shown in Figure 2-3. As 
a result of this stabilization, esters are typically co-planar in the 0-C=0 unit.135 
As with amides, this stabilization has been invoked as a reason for the 
slightly restricted rotation about the C-O single bond135 and the decreased 
reactivity of carboxylate esters with respect to normal, non-conjugated 
carbonyls.136-138 
Figure 2-3
Attack of a nucleophile on the acyl carbon disrupts the resonance interaction 
in the ester, thus making the addition less favorable than in the case of 
ketones.
Transesterification
Transesterification is a process in which an ester is converted into 
another ester through the interchange of an alkoxy functionality (Figure 2- 
4 ).t39 The rate at which equilibrium in an ester exchange reaction is achieved
0
1
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is typically accelerated by the addition of acid or base catalyst.
Figure 2-4
RCOOR' + R"OH := i s  RCOOR" + R'Oh
Under acid-catalysis conditions, initial protonation of the acyl oxygen 
increases the electrophilicity of the ester, thus increasing its reactivity toward 
the oxygen nucleophile of an alcohol. Under base-catalysis conditions, initial 
deprotonation of the alcohol results in the formation of a strongly 
nucleophilic alkoxide anion, which can then react with the ester carbonyl.
The mechanism of ester alcoholysis and hydrolysis has been extensively 
studied, and this and synthetic applications of transesterification have been 
the subject of numerous r e v ie w s .140 Because the number of 
transesterifications reported in the literature is so vast, no attempt will be 
made here to review the various synthetic applications. The interested reader 
is directed to the reviews which are mentioned herein. Rather, the 
mechanism of acid- and base-catalyzed hydrolysis and alcoholysis of ester 
functionalities will be discussed as it pertains to the work discussed herein.
Ester hydrolysis and alcoholysis can occur by acyl-oxygen bond cleavage 
(Ac) or alkyl-oxygen bond cleavage (Al). In ester hydrolysis, the reaction 
products obtained from these two mechanisms are identical. However, acyl- 
oxygen bond cleavage (Ac) is required to obtain an alcohol and an ester as the 
product of alcoholysis. Alkyl-oxygen cleavage (Al) only occurs for special
158
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structures and under particular conditions.141 The mechanistic route 
depends upon several factors such as the nature of substituents R1 and R2, 
acid/base concentration, temperature and solvent. The most commonly cited 
mechanistic routes for ester hydrolysis and alcoholysis are Bac2 (base- 
catalyzed, acyl-oxygen cleavage, bimolecular) transesterifications and Aac2 
(acid-catalyzed, acyl-oxygen cleavage, bimolecular).
Base-Catalyzed Transesterification
In this mechanistic route, an initial pre-equilibrium deprotonation of 
the alcohol generates the strongly nucleophilic alkoxide ion. Alcoholysis of 
an ester by the Bac2 mechanism proceeds through the formation of an 
anionic tetrahedral addition intermediate (Structure 132, Scheme 2-2).142
Scheme 2-2. Base-Catalyzed (B a c 2 )  Transesterification
The presence of the tetrahedral intermediate in ester exchange reactions has 
been established by kinetic arguments, most notably Bender's observation of 
carbonyl oxygen exchange during the hydrolysis of carboxylic acid 
derivatives.142/143 In most cases, the formation of the tetrahedral 
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loss of R2 0 - or R30- is faster is dependent on which is the better leaving 
group.
It has been possible to synthesize tetrahedral intermediates of ester 
hydrolysis and alcoholysis directly, and therefore measure the rates of 
tetrahedral intermediate breakdown directly. McClelland*44a-g and Capon*44h- 
k have studied numerous hemiorthoester tetrahedral intermediates of 
general type 132 in order to measure the rate of breakdown of the tetrahedral 
intermediate. This data is unavailable from the study of ester hydrolysis or 
alcoholysis directly because the intermediate is typically formed only in small 
stationary state amounts.
Acid-Catalyzed (A^ Z) Transesterification
Synthetic transesterification reactions have been carried out frequently 
by the use of acid catalysts.*45 The most commonly used acids for these 
transformations are sulfuric, phosphoric, hydrochloric and p-toluenesulfonic 
acid. The Aac2 route is the most frequently invoked mechanism for acid- 
catalyzed alcoholysis or hydrolysis and is shown in Scheme 2-3. In acid- 
catalyzed transesterification, a fast pre-equilibrium protonation of the ester 
occurs, which makes the carbonyl carbon more reactive, and nucleophilic 
attack by the hydroxyl oxygen occurs. As is the case with Bac2 routes, the slow 
step of the overall mechanism is typically the formation of the tetrahedral 
intermediate .*45
160
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Scheme 2-3
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Intramolecular Transesterification Reactions and Observed Rate 
Enhancements
Neighboring alkoxide and phenoxide group participation in ester 
cleavage is of considerable interest in bioorganic reaction mechanisms and 
has been studied by several research groups.147 Because the subject of this 
chapter is the kinetics of ester exchange in a hydroxy-carbonate ester, it would 
be of interest to compare observed rate enhancements in our system to 
reported literature examples. To date, no literature reports concerning rates 
of intramolecular transesterification between carbonate diesters and alkoxide 
or phenoxide groups have appeared. However, several rate studies of 
intramolecular transesterification between esters and alkoxide or phenoxide 
ions have been reported and are summarized in the following paragraphs.
161
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Capon and coworkers148 have studied the rates of lactonization of 




O  + PhOH
C Q jP h  aq. buffer
+ PhOH
135 136
The effective molarities of the two cyclizations were determined to be 2.5 x 105 
for 133 and 5 x 104 for 135. In both cases, the formation of the tetrahedral 
intermediate with concomitant deprotonation of the phenolic OH is cited as 
the rate-determining step. Capon rationalized the relative rates in terms of 
kinetics of five-membered vs. six-membered ring formation.
Within this same literature report,148 the rates of cyclization of 
aliphatic hydroxy esters were also described (Scheme 2-5). As with the 
aromatic cases, the cyclization mechanism was proven by kinetic arguments 
to be general base-catalyzed. The effective molarities were determined to be 5 
x 103 (137) and 2.80 x 102 (139) for cyclization to the five- (138) and six- 
membered (140) lactones. Again, these rate ratios were rationalized in terms 
of kinetics of five versus six-membered ring formation.
162
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Scheme 2-5








The dramatic difference in rate enhancements for cyclization in the aromatic 
and aliphatic cases can most likely be attributed to the addition of degrees of 
rotational freedom in the aliphatic case. This results in a decrease in entropy 
of cyclization and dramatically reduces the efficiency of the intramolecular 
nucleophile.
Fife and coworkers149 have reported rate constants for lactonization of 




aq . buffer + EtOH
141
163
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The rate of cyclization in this compound demonstrates a first-order 
dependence on imidazole, with a second-order rate constant of 
kimid = 8.74 x 10-3 M-t-sec-h Extrapolation of the plots of kobs vs. imidazole 
buffer concentration to zero gave values for the spontaneous cyclization 
subject to hydroxide and hydronium ion catalysis. These calculated values 
were koH- = 104 M-i-sec-1 and kn+ = 3.35 x 10-3 M-t-sec-h An effective molarity 
for this process was not reported. However, Kirbyi9 calculated an effective 
molarity for this reaction of 4.2 x 106, using alkoxide attack on ethyl benzoate 
as the reference reaction. 5^0 Fife concluded from these results that the 
hydroxymethyl group is a powerful intramolecular nucleophile in 
transesterification reactions, even in a case where only partial proton transfer 
has taken place in the rate-determining step.
Fife also reported the specific base-catalyzed attack of phenoxide on a 
carbamate ester group (Scheme 2-7 ).i5 i in the case of cyclization of 
hydroxycarbamate 142, a koH value of 5.14 M-i-sec-1 was obtained from the 
slope of the linear plot of kQbS vs. [OH-] When compared to the reference 
reaction, which is the attack of the anion of a phenol of pKa 9.0 on phenyl N- 
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In this case, Fife rationalized that much of the efficiency of the neighboring 
oxide ion is due to a favorable steric situation. In the conformation shown in 
Figure 2-5, in which steric effects are minimized, the oxygen ion of the 
phenoxide ion lies immediately adjacent to the carbonyl carbonyl in such a 
way that perpendicular attack on the carbonyl can readily occur.
Figure 2-5
Although Fife concludes that a quantitative explanation for the 
intramolecular efficiency of this reaction cannot be offered, he does state that 
much of the efficiency of the intramolecular process is due to "favorable steric 
interactions".
Intramolecular Reactions and Observed Rate Enhancements in Carbonate 
Esters
As is the case with carboxylate esters, the carbonyl group of carbonate 
esters is resonance stabilized in the 0-C(0)-0 group (Structures 144-146; Figure 
2-6) which decreases the reactivity of the carbonyl group with respect to 
aldehydes and ketones.152 in general, carbonate esters are believed to undergo 
acid-catalyzed exchange reactions via the stepwise tetrahedral mechanism
165
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discussed previously. However, differences have been observed between the 
rates of cyclization of carbonate esters and carboxylate esters.153 
Figure 2-6
To date, there have been no literature reports of intramolecular 
alcoholysis of carbonate ester moieties. Though rates of intramolecular 
nucleophilic alcoholysis of carbonate diesters have not been reported, it is of 
interest to examine the rates of intramolecular carbonate ester cleavage by 
other nucleophiles. Fifei54  has studied the rates of intramolecular 
nucleophilic aminolysis reactions of carbonate diesters such as 147 and 148.
In this case, the EM's of these intramolecular processes were calculated to be 3 
x 10s M for 147 and 32 M for 148. In part, the differences in EM are 
rationalized in terms of five- vs. six-membered ring formation. Fife states 
that as degrees of rotational freedom are removed from the nucleophile, the 
nucleophilic efficiency increases dramatically. However, this effect should 
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influences the dramatic rate difference in this case is believed to be the 
relative pKa's of the nucleophiles. In reactions involving carbonate diesters, 
the efficiency of the intramolecular nucleophile increases as pKa of the 
nucleophile decreases. Therefore, amines whose conjugate acids have lower 
pKa's can be efficient nucleophiles with large effective molarities in reactions 
of carbonate esters. This trend is in contrast to that observed with carboxylate 
esters. A large increase in efficiency is observed in carboxylate esters as the 
pKa of the conjugate acid of the nucleophile is increased.
167
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H OH
128
III. RESULTS AND DISCUSSION
Synthesis
(la ,3a  ,5a)-cyclohexanetriol (128) was synthesized according to the
literature method by medium-pressure hydrogenation of 1,3,5- 






(la ,3a  ,5a)-128 is isolated as a crystalline solid after ethanol recrystallization of 
the mixture of (la ,3a ,5a)- and (la,3a ,5P)-128.
Hydroxy-carbonate 127 was prepared in two steps from (la,3a ,5a)-128 
by the route shown in Scheme 2-9. The direct acylation of vicinal diols with 
N/N'-carbonyldiimidazole has been reported,156 and this method was 
attempted unsuccessfully on (la,3a ,5a)-128. Therefore, an orthocarbonate
exchange reaction between tetraethyl orthocarbonate and (la,3a ,5a)-128 was 
carried out according to the method of Stetter and Steinacker.155 By using this 
general method, the reaction of (la,3a ,5a)-128 with tetraethyl orthocarbonate 
and catalytic p-toluenesulfonic acid yielded orthocarbonate 150 in moderate 
yield. Hydrolysis of 150 in 1.00 x 10-2 M aqueous HC1 followed by CH2CI2
168
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extraction of the acidic solution resulted in the isolation of 127 in 18-25% yield 
after purification. The time allowed for the hydrolysis of orthocarbonate 150 
is a critical factor because 127 is itself hydrolyzed under the reaction 
conditions to (la ,3a ,5a)-128.
Scheme 2-9
The synthesis of hydroxyester 151, which is a carboxylic ester analog of 
carbonate ester 127, was unsuccessfully attempted (Scheme 2-10). It was hoped 
that 151 could be synthesized in order to compare the rate of the 
intramolecular hydroxyester transesterification with that of hydroxy- 
carbonate 127. We envisioned that the acid-catalyzed intramolecular
cyclization of dihydroxyester (la,3a ,5a)-152 would afford racemic 151.
Scheme 2-10
The synthetic sequence used to obtain the precursor 152 is shown in Scheme















2-11. The first three steps of the sequence were carried out according to the 
procedure reported by Theilacker and Schmid^? (Scheme 2-11).
Scheme 2-11
Addition of sodium metal to 153 afforded the aromatic triester 154. 
Decarboxylation of the aromatic ester functionalities on 154 was carried out 
concomitantly with the saponification of the aliphatic ester by heating with 
3M NaOH followed by acidification with concentrated H2SO4 to give the 
dihydroxyacid 155. Esterification of 155 in methanolic HC1 yielded 156 in 99% 
yield. Compound 156 was then hydrogenated at atmospheric pressure 
according to the method of Kirbyiss to give 152 as a mixture of four 
stereoisomers which were identified by *H and 13C NMR. The four 
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(1 p,3P,5a)-/ (1 p,3a,5P)-methyl-3,5-dihydroxycyclohexaneacetate (racemic). 
Separation of the stereoisomers was attempted by flash chromatography on 
silica. Methyl-(lp,3a,5a)-dihydroxycyclohexaneacetate (152') was isolated, 
recrystallized and identified by *H and 13C NMR, as well as 2D 1H-1H COSY.
Compound 152' had previously been misidentified by Kirby to be a racemic 
mixture of methyl-(ip,3p,5oc)-dihydroxycyclohexaneacetate and methyl-
(ip,3a,5P)-dihydroxycyclohexaneacetate. The remaining three stereoisomers
were inseparable by column chromatography in our hands. p-Nitrobenzoate 
and 3,5-dinitrobenzoate derivatives of the remaining stereoisomers were 
prepared in an attempt to separate the derivatives by recrystallization or 
column chromatography. However, none of these methods was successful.
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Kinetic Studies of Topomerization of Hvdroxy-carbonate 127 in CD^CN
The topomerization of the hydroxy-carbonate diester 127 is an example 
of a degenerate transesterification. As was the case with amino-urea 1, the 
base-catalyzed topomerization of hydroxy-carbonate 127 was studied by *H and 
13C NMR in CD3CN. Potassium-t-butoxide (t-BuOK) was chosen as the base 
because the carbonate ester moiety of 127 readily reacts with a nucleophilic 
anion such as OH-. Potassium t-butoxide is a strong organic base (pKa t-BuOH 
= 16.54 in w a ter)i5 9  and the use of the sterically hindered base slows 
nucleophilic reaction with the carbonate carbonyl group. The process of 
topomerization was monitored by 1H NMR and 1H decoupled 13C NMR on a 
Bruker AM360 FT-NMR spectrometer. The numbering scheme used for 
hydroxy-carbonate 127 is shown in Figure 2-7.
Figure 2-7. Numbering Scheme for Hydroxy-ester 127
In the the absence of added base, there are five sharp resonances in the 
13C NMR spectrum of 127 (Figure 2-8(A)). The methylene carbons C6, Cg (a 
symmetry pair) and C9 appear at 35.86 and 27.76 ppm, respectively. The
172
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methine carbons Ci,Cs (a symmetry pair) and C7 appear at 75.91 and 64.51 
ppm, respectively. The carbonyl signal at 149.76 ppm appears sharp. The 
absence of dynamic broadening indicates that the rate of topomerization is 
slow on the NMR timescale. 13C NMR spectra obtained as a function of t- 
BuOK concentration showed that the methine carbons broadened and 
coalesced into a single peak (See Figure 2-8(B) through 2-8(F)). Similarly, the 
methylene carbons broadened and coalesced as a function of increased base 
concentration. The data for the 13C titration experiments is summarized in
At an initial t-BuOK concentration of 2.83 x 10-2 M, the 13C NMR 
carbonyl signal at approximately 150 ppm is slightly broadened (Figure 2-8(D)). 
At an initial t-BuOK concentration of 5.34 x 10-2 M, the carbonyl signal is 
completely broadened into the baseline (Figure 2-8(E)). The behavior of the 
carbonyl resonance is attributed to the accumulation of the anionic 






















Figure 2-8. 13C NMR Spectra of Hydroxy-carbonate 127 with Different 
t-BuOK Concentrations (Ratio is of Initial Concentrations)
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Figure 2-8 (cont.)
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The accumulation of tetrahedral addition intermediate (157) in the stepwise 
reaction mechanism causes the carbonyl resonance of 127 to be dynamically 
averaged (intermediate exchange) in the course of the topomerization with 
the quaternary orthocarbonate carbon in 157. In the presence of 0.414 M added 
t-BuOK (a three-fold excess of t-BuOK over 127), the 13C NMR exhibits two 
sharp resonances which correspond to the three methylene carbons (one set) 
and the three methine carbons (a separate set) on the cyclohexane ring (Figure 
2-8G). No carbonyl peak was observed.
Table 2-2. i3C Chemical Shifts3 of Hydroxy-carbonate 127 vs. t-BuOK 
Concentration in MeCN-d3




8c9 5c6,C8 8c i 8c5,C7 8c3
A 0.00 28.54 (s) 37.09 (s) 64.18 (s) :74.29 (s) 149.76 (s)
B 1.12 x 10-3 28 (br) 37 (br) 64 (br) 74 (br) 149.76 (s)
C 2.22 x 10-3 28 (br) 37 (br) 64 (br) 74 (br) 149.76 (s)
D 2.83 x 10-2 27-30 38-39 63-65 73-75 149.76 (si 
br)
Sc9,C6,C8 8ci,C5(C7
E 5.34 x 10-2 28-40 70-76 -
F 1.39 x 10-1 32-37 71-75 -
G 4.14 x 10-1 33.29 72.03 -
3 i3C NMR Chemical Shifts (8c) are measured relative to center peak of 
CD3CN multiplet which was set at 1.30 ppm.
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Similar results were observed in the 1H NMR (Figure 2-9). Prior to 
addition of t-BuOK, there are five resonances that are not dynamically 
broadened (Figure 2-9(A)). The two furthest upheld resonances at 1.80-1.91 
and 2.17-2.35 ppm correspond to the axial (Hi5,Hi8,H2o) and equatorial 
(Hi6,Hi9,H2i) methylene protons, respectively, on the cyclohexane ring. A 
resonance at 2.91 corresponds to the hydroxyl proton. The methine protons 
(H17) and the symmetry pair (Hi3,Hi4) appear as downfield resonances at 4.13- 
4.20 and 4.68-4.75 ppm, respectively. Upon initial addition of t-BuOK, the 
downfield resonances broaden and the methylene resonances simplify 
(Figure 2-9(B)). With addition of more t-BuOK, the downfield methine 
resonances are further broadened (Figure 2-9(C)) and, as base concentration is 
further increased, coalesce into a single peak (Figure 2-9(D)). In the presence 
of a three-fold excess of base (0.414 M), the methine resonances coalesce into a 
single sharp resonance (Figure 2-9(G)). At this high base concentration, the 
spectrum looks like that of orthocarbonate 157 but without the ethyl group 
resonances. The concentrations of t-BuOK in CD3CN solutions were 
determined by the relative integrations of the t-butyl peak and the resonances 
corresponding to hydroxy-carbonate 127 in the !H NMR.
Direct determination of the equilibrium concentration of 127 and 157 at 
various base concentrations was not possible by NMR. The determination of 
the equilibrium concentrations of both species is of critical importance when 
carrying out lineshape simulations to determine rates for the topomerization
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Figure 2-9. *H NMR Spectra of Hydroxy-carbonate 127 with Different 
t-BuOK Concentrations (Ratio is of Initial Concentrations)
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t-BuOKFigure 2-9 (cont.)
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process as the concentration of tetrahedral anion 157 has a significant effect on 
the 13C NMR lineshape. The accumulation of tetrahedral anion intermediate 
157 could be quantitatively measured by FT-IR. In the FT-IR spectrum of 127 
in MeCN-d3, the absorbance for the carbonyl signal of 127 can be accurately 
measured. To determine the concentration of hydroxy-carbonate 127 at 
equilibrium, the relationship between concentration and absorbance in 
CD3CN at the carbonyl IR maximum was experimentally determined.

















a Maximum carbonyl absorbance at 1743 cm-l
b absorbance units (a.u.) = -log (%T/100) where % T is the transmittance value 
of infrared energy
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The carbonyl absorbance was measured three times at five different 
concentrations of 127. These results are summarized in Table 2-3.
The concentration vs. absorbance results were plotted and fit to a straight line
(Figure 2-10), the slope of which is the molar absorptivity (e) of the carbonate 
in CD3CN.
Figure 2-10.
Beer's Law Plot: Hydroxy-carbonate 127 in MeCN-dj
0.5
y = 3.167x + 0.033
0 .4 -
0 .3 -
0 . 2 -
0.1  -
O O © o
Concentration (M)
To determine the equilibrium concentrations of 127 in solutions of t-BuOK, 
five standard solutions of 0.300 mL CD3CN containing varying concentrations 
t-BuOK were prepared. To each of these solutions was added 0.300 mL 0.86 M 
hydroxy-carbonate 127 in CD3CN. At each base concentration, three spectra
183
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were acquired. Equilibrium concentrations of 157 ([157]) and t-BuOH ([t- 
BuOH]) were taken to be the difference between the initial concentration of 
hydroxy-carbonate 127 minus equilibrium concentration. The results of this 
titration experiment are summarized in Table 2-4.
Table 2-4. Absorbance Values and Equilibrium Concentrations of Hydroxy- 





[127] (M) Mean [127] ±
95%Confidence
Limits
A 0 0.600 0.193 0.193 ± 0.00
B 0 0.600 0.193
C 0 0.600 0.193
D 0.128 0.172 0.0543 0.0539 ±0.00101
E 0.128 0.170 0.0537
F 0.128 0.170 0.0537
G 0.251 0.012 0.0038 0.00040 + 0.000051
H 0.251 0.013 0.0041
I 0.251 0.013 0.0041
I 0.388 0.019 0.0060 0.00061 ±0.000051
K 0.388 0.020 0.0063
L 0.388 0.019 0.0060
a In all cases, initial concentration of 127 = 0.193 M
The FT-IR spectra of the C=0 absorbances were overlayed and the decrease in 
the carbonyl signal with increasing base concentration is shown in Figure 2- 
11.
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Figure 2-11. Overlay of C=0 IR Absorbance in Hydroxy-carbonate 127. 
Initial Concentrations of 127 are Constant in Each Spectrum and 
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In Table 2-4, the equilibrium concentrations of 127 ± 95% confidence 
intervals are given. The values for [t-BuOK], [157] and [t-BuOH] can be 
calculated from the difference between the initial concentration of 127 and the 
equilibrium concentrations. In the IR experiments, the initial concentration 
of 127 is equal to 0.193 M. Therefore, it follows that [t-BuOH] = [157] = Initial 
Concentration of 127 - [127], and [t-BuOK] = Initial Concentration t-BuOK - [t-
BuOH]. These data can be used to calculate a ApKa between hydroxy-carbonate 
127 and t-BuOH. The full derivation of the expression used to calculate ApKa 
was presented in Chapter I and will not be repeated here.
ApKa = PKa (app) (127) - pKa (t-BuOH) = log (Equation 2-1)
In the IR experiment, there was only a single point at which a significant 
amount of 127 remained after addition of base. From the data obtained at this 
base concentration,
ApKa = log ((0.0539 x 0.005)/(0.139 x 0.139)) = log 0.00139 ± 1.4 = -1.86 ± 1.4. The
95% confidence limit for this value was determined by adding a 2% error to 
the initial concentration of t-BuOK. Error was propagated according to the 
method described in Bevington.74a
As with the amino-urea case, the -1.86 value for ApKa does not
represent a straightforward difference between the pKa values for hydroxy- 
carbonate 127 and t-butanol. This pK difference would be unlikely due to the 
fact that the pKa of t-BuOH is 16.54 in H2O and the pKa of a secondary alcohol
186
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is approximately 16.5. In this case, the calculated difference is the pKa 
difference between t-butanol and the pKa (app) of 127 (Scheme 2-13). 
McClelland's75 concept of pKa (app) was discussed in detail in the case of 
amino-urea 1 (Chapter I - see Results and Observations of t-BuOK catalyzed 








1o l  O-





o V ^ o
+ H *
159 157
The pKg of 158 in H2O can be estimated by using an equation introduced by 
Fox and JencksSO with a simple alcohol as a starting point, with pKa = 15.9 -
8.4Soi, where 01 is the inductive substituent constant of an attached group.
Using a value of ai = 0.25 (inductive substituent constant for -OMe) the 
relation provides a pKa(158) of 15.9 - 8.4(3 x 0.25) = 9.7 or Ka (158) = 10-9 7. As
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with amino-urea 1, we can use this value of Ka (158) and the IR results to 
estimate the values of Ko and K. for the equilibria in Scheme 2-13. In this 
case, pKa (app) is equal to 16.54 (the pKa of t-BuOH) - 1.86 = 14.68 ± 1.4. In 
acetonitrile, therefore, the pKa (app) can be calculated byusing Leffek's 
correction factor, which means pKa (app) is equal to 14.68 + 8.1 = 22.78 ± 1.5.
Ko is then equal to Ka (app)/Ka (158) = 10-22.78±i.5/io-9.7-8.i±o.5 = io-22.78±i.5/io- 
17.8±0.5
= 10-22.78+17.8 = io-5.o±i.6. This value implies that the equilibrium between 127 
and 158 strongly favors 127. To determine K., the pKa of the secondary 
alcohol moiety is estimated to be approximately 16. Applying Leffek's 
correction gives a value of pKa (127) = 24.1 + 0.5. Therefore, K. is equal to 
10-22 78±i .5 / io 24.i±o.5 = 10-22.78+24.1 = ioi.3±i.6. jn this case, the equilibrium 
between 159 and 157 lies toward 157.
The observed rate constants for topomerization of hydroxy-carbonate 
127 at different base concentrations were calculated by the Complete 
Bandshape Method. The methylene (upfield) region of the 13C NMR spectra 
was simulated by using DNMR5, a dynamic NMR simulation program 
developed by Binsch, which utilizes a minimization algorithm to determine 
lineshapes for three- and four-site, exchange system s.76 In this particular case, 
the topomerization was treated as a four-site, non-degenerate exchange (two 
sites were symmetry equivalent but treated separately for simulation 
purposes). The methodology for simulation of this system is best described by
188
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Scheme 2-14.
Scheme 2-14
HO / O 
B 127* C
kr || kf 
O'
o / V °
A  X ' -  " A  A
C A A B
127“ 127"'
The exchange system is comprised of four different sites: A, B, C and D. In 
this case, sites A and B have the same chemical shift because of molecular 
symmetry. As was the case with the amino-urea system described in Chapter 
I, the exchange process was simplified to a four nuclear configuration, single­
spin system (Scheme 2-15). The rate constants for exchange between 
configurations A and B (kAB)/ A and C (kAc) and B and C (kec) are 0 because 
there is no exchange between these sites. The rate constants for exchange 
between configurations A and D (kAD)/ B and D (keo) and C and D (kcD) are
189
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equal to one another and are all equal to kf, which is the rate constant for 
conversion of hydroxy-carbonate 127 to the tetrahedral anion intermediate 
157.
Scheme 2-15
The effective transverse relaxation times (T2*) were estimated from the 
reciprocal of the product of n and the full width at half height of the center 
peak of acetonitrile-d3 in each spectrum. For each spectral simulation, the
population of each of the four sites was determined by using a ApKa value of
-1.76. This value is slightly erroneous with respect to the value calculated 
from the FT-IR experiments, which was -1.86. All equilibrium concentrations 
and populations at each base concentration which were used in the NMR 
experiment were based on a pKa difference of -1.76. These values are 
presented in Tables 2-5 and 2-6. The calculated populations in Table 2-6 
represent a starting point for the iterative fitting in the DNMR5 program.
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optimize to achieve a best-fit lineshape.
Table 2-5. Equilibrium Concentrations of 127,157, t-BuOH And t-BuOK 
Calculated Based on Initial Concentrations of 127,t-BuOK and ApKa (127 - t- 










A 0.138 0.00 0.138 0.000 0.00 0.00
B 0.138 5.54 x 104 0.137 3.88 x 10-8 5.54 x 104 5 3 4 x 1 0 4
C 0.138 2.28 x 10-3 0.136 6.65 x 10-7 2.28 x 10-3 2.28x10-3
D 0.138 2.83 x 10-2 0.110 1.25 x 1(H 2.82 x 10-2 2.82x10-2
E 0.138 5.34 x 10-2 8.52 x 10-2 5.70 x 104 5.28 x 10-2 5.28x10-2
F 0.138 0.139 1.56x10-2 1.6 6 x 10-2 0.122 0.122
G 0.138 0.414 1.17x10-3 0.277 0.137 0.137
Table 2-6. Equilibrium Concentrations Potassium t-butoxide and Hydroxy- 
carbonate 127, Populations of 127 and 157 Calculated from ApKa (127 - 1- 
BuOH) equal to -1.76 presented with corresponding rate constants (kf) 
obtained by DNMR5.







A 0.000 0.138 1.000 0.000 5 (0.000)
B 3.88 x 10-8 0.137 0.993 0.003 95 (0.016)
C 6.65 x 10-7 0.136 0.934 0.010 955 (0.011)
D 1.25 x 104 0.110 0.796 0.204 1416 (0.151)
E 5.70x104 832 x 10-2 0.618 0.383 1900 (0.383)a
F 1.66x 10-2 136x10-2 0.112 0.887 3500 (0.565)
G 0.277 1.17 x 10-3 0.009 0.991 -
a Input populations were held constant during simulation because of 
inaccurate lineshape fitting if populations were varied.
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The observed reverse rate constant (kr) was determined from the relative 
concentrations (and, hence, populations) of the four sites according to 
Equation 2-2.
_ kf [157] _ [157] _ [157] _ 3x[157]
EQ kr [127’] [127"] [127’"] [127] qU& ° n
where [157] and [127] are the equilibrium concentrations of tetrahedral anion 
157 and 127, respectively. A kf could not be calculated at the highest base 
concentration because the spectral lines are no longer exchange-broadened. 
Expansions of the methylene region of the 13C NMR spectra compared with 
the simulated spectra are shown in Figure 2-12. Figure 2-13 shows a plot of 
measured forward rate constants (kf) versus initial concentration of t-BuOK.
The rate constants for the breakdown of the tetrahedral anion (kr) were 
determined according to Equation 2-2. Values for [157] and [127] were 
calculated according to the best-fit values obtained in the iterative fitting 
process. The values for the reverse rate constants are listed in Table 2-7.
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Figure 2-12 Experimental and Simulated ,3C NMR Lineshapes of 
Hydroxy-carbonate 127 as a Function of Initial Concentration of 
t-BuOK (Spectra are not same expansion)
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Table 2-7. Calculated Reverse Rate Constants (kr) for Conversion of 157 to 127 
as a Function of Initial Concentrations of 127 and t-BuOK
Init. Cone. 127 Init. Cone. t-BuOK kr (sec-1)
A 0.138 0.00 a
B 0.138 554x10-4 2000
C 0.138 2.28 x 10-3 29000
D 0.138 2.83 x 10-2 2700
E 0.138 5.34 x 10-2 1000
F 0.138 0.139 900
G 0.138 0.414 a
a not calculated
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Kinetic Studies of Topomerization of Hydroxy-carbonate 127 in D2O
The behavior of hydroxy-carbonate 127 in D2O under acid- and base- 
catalysis conditions was studied by !H and 13C NMR. Hydroxy-carbonate 127 
was first studied in D2O at pD 7.40 and pD 2.95 (DCI/D2O catalyst). The pD 
values of the aqueous solution were determined after addition of DCI/D2O at 
25° C with an Ingold pH electrode (model 6030-03) with an Orion Digital 
Ionalyzer 501 pH meter.
pD was taken as instrument reading plus 0.4.87 The acid-catalyzed 
topomerization of hydroxy-carbonate 127 would be expected to occur via 
initial protonation of the carbonyl, which would activate the carbonyl toward 
nucleophilic attack. At pD 2.95, there was no evidence for the topomerization 
process on the NMR time scale. In the 1H NMR spectrum, the signals for the 
two methine signals (H17 and Hi3,Hi4) remained sharp and separate (Table 2- 
8). In the 13C NMR spectrum, the five carbon resonances remained sharp and 
chemical shifts were unchanged at pD 2.95. The 13C NMR results are 
summarized in Table 2-9.
20
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Table 2-8. 1H NMR Chemical Shifts of 127a as a function of pD in D2O (Acid- 
Catalysis Experiment)
Chemical Shifts (5, ppm)b
pD Hl5,Hi8,H20 Hi6,Hi9,H2i H17
A 7.40 1.96-2.05 2.32-2.43 4.33 4.93
B 2.95 1.96-2.05 2.32-2.43 4.33 4.93
a initial concentration 127 = 0.376 M 
b referenced to dioxane internal reference at 3.75 ppm
Table 2-9. 13C NMR Chemical Shifts of 127a as a function of pD in D2O (Acid- 
Catalysis Experiment)
Chemical Shifts (5, ppm)b
pD c 9 CfrCg C7 Ci,Cs c 3
A 7.40 27.75 35.85 64.52 75.94 153.81
B 2.95 27.75 35.85 64.51 75.93 153.79
a initial concentration 127 = 0.376 M 
b referenced to dioxane internal reference at 3.75 ppm
The base-catalyzed topomerization of compound 127 was also studied 
in D2O with Na0 D /D 2 0  as catalyst. It is known that Na+ interferes with the 
glass pH electrode, which causes inaccuracy in the pH reading. Therefore, the 
pD values of all solutions were determined by titration of freshly prepared 
aqueous NaOD solutions to obtain accurate concentration values for NaOD. 
Additions of Na0 D /D 2 0  solutions to NMR samples of 127 in D2O were 
carried out with 10, 50 or 100 mL syringes. Final volumes of NMR samples 
were determined by comparison to known volumes of D2O in a separate 
NMR tube. Therefore, the concentration of NaOD in NMR samples was
198
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calculated from knowing the volume and concentration of Na0 D /D 2 0  added 
to the sample as well as the final solution volume. The process of 
topomerization was monitored by 1H decoupled 13C NMR and and 1H NMR 
spectroscopy on a Bruker AM360 FT-NMR spectrometer.
The 1H NMR spectrum of hydroxy-carbonate 127 in D2O at pD 7.40 is 
characterized by two sets of resonances (Figure 2-14(A)). The upheld set 
consists of the axial methylene resonances of the cyclohexane ring (His, His, 
H20) at 1.95-2.10 ppm and the equatorial methylene resonances (Hi6,Hi9,H2i) 
at 2.30-2.45 ppm. The downfield set consists of the methine resonance 
geminal to the hydroxyl moiety (Hi 7) at 4.35 ppm and the methine resonances 
geminal to the carbonate oxygens (Hi3,Hi4) at 4.95 ppm. Increasing the pD of 
the solution with N a0D /D 20 to pD 11.5 resulted in dynamic broadening of 
the downfield (methine) resonances and simplification of the upfield 
(methylene) resonances (Figure 2-14(B)). As the base concentration was 
further increased, more dramatic dynamic broadening of the methine 
resonances was observed. At pD 12.6 and above, the methine resonances 
begin to coalesce into a single peak, which at pD 13.7 (Figure 2-14Q)) becomes 
quite sharp. At pD 13.7, the rate of topomerization was in fast exchange on 
the NMR time scale and the *H NMR spectrum appears very similar to that 
of orthocarbonate 150 but without the ethyl resonances. The *H NMR 
chemical shifts as a function of pD are summarized in Table 2-10. At pD 13.3, 
small resonances appear in the 1H NMR which are a result of the hydrolysis
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Figure 2-14 (cont.)
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Figure 2-14 (cont.)
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of 127 to (la,3a ,5a)-128. The small resonances in the 1H NMR at pD 13.3 are 
consistent with those of a pure sample of (la,3a ,5a)-128 in D2O.
Table 2-10. *H NMR Chemical Shifts of 127a as a function of pD in D2O (Base- 
Catalysis Experiment)
pD
Chemical Shifts (8, ppm)b 
H i5,H i8,H 20 H i6,H i9,H 2 i H17 H i3,H U
A 7.4 1.9-2.1 2.3-2.5 4.34 (br) 4.94 (br)
B 11.5 1.9-2.1 2.3-2.5 4.34 (br) 4.94 (br)
C 12.1 1.9-2.1 2.3-2.5 4.2-4.4 (br) 4.6-5.1 (br)
D 12.2 1.9-2.1 2.3-2.5 4.2-4.4 (br) 4.6-5.1 (br)
E 12.3 1.9-2.1 2.3-2.5 4.2-4.6 (br) 4.5-5.1 (br)
F 12.6 1.9-2.1 2.3-2.5 4.3-4.9 (coalescence)
G 12.8 1.9-2.1 2.3-2.5 4.3-4.8 (above coalescence)
H 13.0 1.9-2.1 2.3-2.5 4.6-4.8 (broadened)
I 13.3 1.9-2.1 2.3-2.5 4.6-4.8 (broadened)
J 13.7 1.9-2.1 2.3-25 4.65 (slightly broadened)
a Initial Concentration of 127 = 0.334 M 
b referenced to dioxane internal standard at 3.75 ppm
The proposed mechanism for the hydrolysis of 127 is shown in Scheme 2-16. 
A product of the hydrolysis is CO32- formed in the breakdown of the 
tetrahedral dianion intermediate in Scheme 2-16 in the aqueous solution. 
This anion acts as a buffer in the solution and therefore causes the solution 
pD to change as a function of its concentration. In one experiment, we were 
able to see the 13C peaks decoalesce as a function of time in the 13C NMR. 
Measurement of the solution pH with pH paper proved that the pH did in
204
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.






















The i3C NMR study gave similar results. At pD 7.4, the 13C NMR 
showed five resonances: 27.76 (C9) and 35.86 ppm (C6 and Cs) for the 
methylene carbons, 64.51 (C7) and 75.91 ppm (Ci and C5) for the methine 
carbons and 153.7 ppm for the carbonyl (C3) (Figure 2-15(A)). When the pD 
value is increased to pD 11.8 by the addition of Na0 D/D 2 0  (Figure 2-15(J)), the 
methylene and methine resonances are dynamically broadened. As the pD is 
further increased, the four resonances further broaden. At high base 
concentrations (pD 13.0; Figure 2-15(M)), the methine peaks coalesce and the
205
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methylene peaks coalesce into two broad resonances as the rate of 
topomerization approaches fast exchange on the NMR timescale. In addition 
to this dynamic broadening, at pD 12.6 and above, the carbonyl signal (C3) at 
153.7 ppm is completely broadened into the baseline (Figure 2-15(K)). The 
broadening of the carbonyl is attributed to the dynamic equilibrium of 
hydroxy-carbonate 127 with tetrahedral anion 157 (Scheme 2-17).
Scheme 2-17
to appear at pD 11.8 (Figure 2-15(1)). These resonances, which appear at 31.97, 
42.94, 66.05 and 74.81 ppm, are attributed to the presence of triol 128 and 128', a 
carbonate ester derivative of 128. In the fH NMR, the resonances for the two 
compounds are most likely indistinguishable, and the four resonances in the 
13C NMR can be accounted for by the presence of 128'.
O
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Figure 2-15 (cont.)
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Figure 2-15 (cont.) 0
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Figure 2-15 (cont)
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Discussion
The observation of a stable tetrahedral intermediate of a carboxylic acid 
derivative typically requires a special stabilizing feature, many of which are 
discussed in Chapter I. One tetrahedral anion derivative of a carbonate ester 
has been reported by Delongschamps.161 Delongchamps reported the 
synthesis of a stable orthocarbonate salt on addition of sodium hydride, which 
causes intramolecular attack of the hydroxy group to the complex carbonate 
(Scheme 2-18). In this case, the stability of the orthocarbonate salt can be 
attributed at least in part to its incorporation in a rigid polycyclic framework. 
Scheme 2-18
The 13C NMR and IR spectra acquired at various t-BuOK 
concentrations in MeCN-ds clearly indicate tetrahedral anion 157 accumulates 
as a function of increasing base concentration as described in the preceding 
section. The topomerization process, which is expressed in Figure 2-2 as a 
degenerate process in which the three topomers interconvert with one 
another is better expressed in Scheme 2-19. In this representation, the
CH(Odi)2 ch (o ch ,)2
212
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
interconversion of the three topomers proceeds through the mechanistic 
intervention of a thermodynamically stable tetrahedral intermediate. 
Scheme 2-19
In this system, the concentration of the tetrahedral anion increases as a 
function of increased base concentration, much in the same way as the 
amino-urea 1 discussed in Chapter I. In this case, the tetrahedral anion is 
stabilized by the bicyclic framework of the carbon skeleton and the three 
electron-withdrawing oxygens attached to the quaternary carbon. In the 
presence of 0.414 M t-BuOK (a three-fold excess over the concentration of 127; 
Figure 2-8(G) and Figure 2-9(G)), the 1H and 13C NMR spectra demonstrate 
that 157 is the dominant species. It appears from Figure 2-13 that, at low
O
t -B u O
o -
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concentrations of t-BuOK, the rate constant for conversion of hydroxy- 
carbonate 127 to tetrahedral anion 157 is first-order in t-BuOK. This 
observation would suggest that the first step of the overall reaction 
mechanism is deprotonation of the hydroxyl group to generate the reactive 
alkoxide ion. The alkoxide can then attack the acyl carbon of 127, leading to 
the formation of tetrahedral anion intermediate 157. However, as was 
pointed out in Chapter I, the simultaneous optimization of populations of 
127 and 157 as well as kf in the DNMR5 iterative fitting program can 
potentially lead to serious error in the calculated value of kf. However, it 
certainly appears that the kf does increase as a function of t-BuOK 
concentration.
In this situation, the enhanced reactivity of the carbonate can be 
primarily attributed to the intramolecularity of the transesterification and to 
the enforced proximity of the reactive functionalities. On deprotonation of 
the hydroxyl group, the reactants are already pre-organized for nucleophilic 
attack by the alkoxide on the acyl carbon. This step, which is normally cited as 
the slow step of the overall transesterification mechanism, is more favorable 
for the intramolecular process. Therefore, this intramolecular process is 
entropically "less unfavorable" than a bimolecular reaction of the same type. 
Comparison of forward and reverse rate constants obtained from the 
lineshape simulations (Tables 2-6 and 2-7, respectively) demonstrates that at 
higher base concentration the kr < kf. This result means that at higher base
214
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concentrations the breakdown of tetrahedral anion 157 becomes rate-limiting 
in the overall interconversion mechanism.
In D2O, the rate of topomerization in the 13C NMR studies of hydroxy- 
carbonate 127 could not be determined by lineshape analysis because of the 
competing hydrolysis of the carbonate ester in base. This reaction changes the 
pD of the solution as CO32- anion is produced. The study of the base-catalyzed 
topomerization of hydroxy-carbonate 127 in D2O is therefore limited to only 
qualitative observations because base concentration could not be accurately 
determined for the dynamically broadened spectra.
If the topomerization is catalyzed by hydronium ion, the rate is below 
that which can be observed by dynamic NMR (NMR line broadening). 
However, the topomerization of hydroxy-carbonate 127 is clearly catalyzed by 
hydroxide ion. The broadening of the carbonyl signal at increased base 
concentration, and its disappearance into the baseline at high concentrations 
of base, indicates that, as was the case in the t-BuOK/CD3CN experiments, the 
tetrahedral anion 157 is formed in concentrations which increase as a 
function of base concentration. In this case, the exact concentration of 
tetrahedral anion 157 as a function of base concentration is not known. As 
with the t-BuOK/CDaCN case, the topomerization route is better expressed as 
a process which does not directly interconvert the three topomers (as is 
shown in Figure 2-2). Rather, the topomers all interconvert through the 
intermediacy of a stable tetrahedral anion as shown in Scheme 2-20. As the
215
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concentration of 157 is increased, the carbonyl signal of 127 becomes averaged 
(intermediate exchange) with the quaternary carbon on 157, which causes the 
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Although the results of this experiment are limited to qualitative 
observations, they do show that the rate of the topomerization increases as a 
function of base concentration. The broadening and disappearance of the 
carbonyl group in the 13C NMR (Figure 2-15K through M) clearly 
demonstrates that a "dynamic equilibrium" is occurring between 127 and 157. 
Although the accumulation of concentration of 157 was not proven by IR 
experiments, as it was in the MeCN-d3 case, it can be inferred that a significant
216
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concentration is present at high pD. Again, the stability of the tetrahedral 
anion can be attributed to the lower pKa of 158 relative to that of hydroxy- 
carbonate 127.
In summary, the hydroxy-carbonate 127 undergoes rapid, base-catalyzed 
topomerization under base-catalysis conditions. The rapid topomerization 
can in part be attributed to the favorable entropic situation in this compound, 
which does not require further organization of the reacting functionalities as 
is necessary for a bimolecular process of the same type to occur. This system is 
unique among intramolecular transesterification processes reported in the 
literature in that, in both MeCN-d3 and D2O, the concentration of tetrahedral 
intermediate anion increases as a function of base concentration.
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Attempted Methylation of 127
Spectroscopic methods and transannular (or intramolecular) reactions 
have been used to prove the existence of attractive interactions between 
functional groups. The alkylation of hydroxy-carbonate 127 was attempted in 
order to examine whether an intramolecular reaction would take place 
between the acyl group and the hydroxyl moiety in 127.
Scheme 2-21
i b "  - = = - & ■ &
127 160 161
Alkylation of the hydroxy-carbonate diester was attempted with methyl 
iodide and sodium hydride in THF (Scheme 2-21). NMR spectral analysis of 
the crude product showed that neither 160 nor 161 was formed in the 
reaction. Rather, only starting material and some degradation product, which 
was identified as (la,3a ,5a)-128 were recovered from the crude reaction 
mixture. In this case, it is likely that the Sn2 reaction between 127 and methyl 
iodide is severely sterically hindered. The conditions used for the alkylation 
(16 hours, room temperature) were apparently not strong enough for the 
reaction to occur. It is possible that if the reaction time were increased or the 
solution was heated, some alkylated product could be obtained.
218
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Semi-Empirical Computational Results
Theoretical, semi-empirical calculations100 were carried out on 
structures 127 and 157-159 to determine the relative energies of hydroxy- 
carbonate 127 and its closed tautomer 158 and the relative energies of the 
respective conjugate bases, 157 and 159 (Scheme 2-22).
Scheme 2-22
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In addition, geometry optimized structures were examined to determine the 
extent of intramolecular donor-acceptor interaction in both 127 and its 
conjugate base 159 in the gas phase (AMI, PM3)100 and aqueous phase (AM1- 
aq, PM3-aq)103 as compared to the solid state. Calculations on these structures 
were performed by using the Spartan molecular modeling program (v. 3 .0)102 
on a Silicon Graphics Indigo Workstation running the Unix operating
219
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system. Initial structures were input in the Spartan builder mode and 
optimized using the geometric parameters of the TRIPOS force field.
Semi-empirical AMI, AM l-aq and PM3-aq m ethods all predicted a 
structure for 127 with a bifurcated hydrogen bond regardless of starting 
geometry (Figure 2-16, AMI optimized structure is shown). Numerous 
attem pts were made to minimize the structure of 127 starting from a structure 
in which an oxygen lone pair of the hydroxyl group was oriented toward the 
acyl carbon and the hydroxyl hydrogen was gauche to the vicinal equatorial 
hydrogen on the cyclohexane ring. Only the PM3 (gas phase) calculation 
resulted in an optimized conformation with an oxygen lone pair oriented 
toward the acyl carbon (Figure 2-17). No PM3 calculation of hydroxy- 










































Figure 2-19. PM3 Geometry Optimized Structure 
of Conjugate Base of 127 (Compound 159)
Figure 2-20. PM3 Geometry Optimized Structure 
of Tetrahedral Anion 157
The extent of intramolecular interaction in 127 was determined by 
examination of the deviation of the carbonyl carbon from sp2 hybridization.
If there is no interaction between the two functional groups in the molecule, 
the sum of the bond angles about the carbonyl carbon (Zocc) should be 360°
and the carbonyl unit should be coplanar with its three substituents. In both 
the AMI and AM l-aq optimized structures, the sum of the bond angles is 360° 
(Table 2-12), which reflects that fact that in the calculated conformation no 
interaction is observed. In the PM3 case, this value deviates by 0.09° (i.e., 
essentially not at all) from a perfectly sp2 hybridized carbon. The PM3 
geometry optimized structure, shown in Figure 2-17 has a transannular C-O 
distance of 3.053 A and the carbonyl carbon is distorted 0.0233 A out of the 
plane defined by the three substituents toward the hydroxyl group. These 
values suggest that any intramolecular interaction is quite weak. However, 
these results were of interest in comparison to the calculations on the
conjugate base (159). Values of Zoic and distances of the acyl carbon from the 
plane defined by its three substituents are summarized in Table 2-11.
Table 2-11.
Hydroxycarbonate 127 Alkoxycarbonate 159
Method £a<:(3) C distance to plane S«C(3) C distance to plane
AMI 360.00 0.0044 A 330.74 0.4401 A
AM l-aq 360.00 0.0051 A 329.70 0.4506 A
PM3 359.91 0.0233 A 359.29 0.0638 A
PM3-aq 359.97 0.0127 A - -
223
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Attem pts to minimize structure 159 by AMI and AM l-aq m ethods resulted in 
closure to the tetrahedral anion 157. Therefore, using these semi-empirical 
m ethods, no energy m inim um  could be found with an open anion. This can 
clearly be seen by the X ac and the acyl carbon's displacement from the plane 
of the three substituents; both values are characteristic of sp3 hybridized 
carbons. In the PM3 case, the intramolecular C3-O11 distance increased 
relative to the conjugate acid case, to 3.1352 A (Figure 2-19), which is 
indicative of a repulsive-type interaction. However, the distortion of the 
carbonyl carbon from planarity increased slightly in the direction of the 
hydroxyl oxygen, and the X ac decreased by 0.72° from the protonated case.
Values for the PM3-aq case are not reported because, on optimization, the 
cydohexane ring was in a boat conformation.
Both AMI and PM3 calculations (gas phase and with water solvation) 
predicted that the closed tautomer 158 would be lower in energy than 127 
(Table 2-12). This contrasts with experimental results which demonstrate that 
tautom er 127 is lower in energy than the dosed tautomer 158. For the 
conjugate bases, no energy mimimum was found for an open anion and 
energy mimimization resulted in closure (Table 2-13). Hence, a zero energy 
difference was calculated between 159 and 157. In the PM3 case, the closed 
anion is predicted to be substantially (6.019 kcal m o l1) more stable than the 
open anion. This result further supports the experimental observations, 
which suggest that on deprotonation the closed tetrahedral anion 157 is more
224
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stable than  the open anion 159.
Table 2-12. Relative Energies of Tautomers 127 and 158 Calculated at Semi- 
Empirical Level of Theory






b Optimized to structure with bifurcated hydrogen bond
Table 2-13. Relative Energies of Open and Closed Isomers of 159 and 157 
Calculated at Semi-Empirical Level of Theory






b Optimized to closed structure 157
c Optimized structure calculated boat conformation for cyclohexane ring
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P L E A S E  N O T E
P a g e ( s )  m i s s i n g  i n  n u m b e r  o n l y ;  t e x t  f o l l o w s .  
F i l m e d  a s  r e c e i v e d .
226
UMI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PA R T  n
CONTROLLED RELEASE ANTIFOULING COATINGS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER III
CONTROLLED RELEASE ANTIFOULING COATINGS: 
APPROACHES TO THE CONTROLLED RELEASE OF
y-DECANOLACTONE AND 2-HEXANOYLFURAN 
INTO SEAWATER
I. INTRODUCTION
Fouling of marine vessels by various underwater organisms represents 
a tremendous problem for the maritime industry.162,163 in fact, the maritime 
industry spends in excess of a billion dollars annually on problems associated 
w ith marine biofouling.i63 Boats and ships immersed in marine waters have 
their hulls used as anchorage by various organisms such as algae, barnacles 
and the like. The accumulation of these organisms can become substantial on 
vessels that remain at sea for long periods of time. Collectively, these 
organisms can destroy the smooth bottom of a hull's surface, which slows the 
ship's speed and causes consumption of more fuel. Although several 
methods to inhibit the settlement of biofouling organisms have traditionally 
been used, there are significant problems associated with their utilization.164 
Therefore, a major goal of the maritime industry is to develop new sustained- 
release antifouling coatings that are effective, yet do not present the problems
228
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associated w ith conventional films.
The long term  goals of tine project discussed herein were to develop 
and prepare antifouling coatings containing biofouling inhibitors that are 
non-toxic to  the m arine environm ent except to the target organisms on ships' 
hulls. This project represents a  collaborative effort of several research groups, 
each w ith its ow n area of expertise. Natural products or natural product 
analogs were identified and  evaluated as potential inhibitors for practical 
coatings by other research groups. O ur efforts were directed toward 
development of practical coatings that could provide sustained, controlled 
release of candidate biofouling inhibitors for a thirty-day period. Coatings that 
displayed sustained release a t effective levels for at least 30 days could then be 
field tested at several sites by other project collaborators to evaluate the 
efficacy of candidate Inhibitors.
Sustained release form ulations utilized in this project employed either 
erodible or non-erodibfe polym er matrices. Both formulation types have 
been studied within our research group .!*5 The aspect of the overall project 
described herein was to develop non-ablative, vinyl composite coatings 
containing microencapsulated biofouling inhibitors that could be suspended 
in artificial seawater to achieve 30 days of controlled-release. As background 
to the project, the problem s w ith current methods of biofouling inhibition, 
the specific objectives of the overall project, and complex coacervation and 
microencapsulation as they pertain to  biofouling and controlled-release are
229
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discussed. The discussion that follows will address the development of 
sustained release coatings based on two potential antifouling inhibitors.
II. BACKGROUND 
Statement of the Problem
Since the mid-eighteenth century, the principally used biocide for the 
inhibition of macrofouling organisms has been cuprous oxide. However, in 
seawater, insoluble salts tend to form within the interstices of cuprous oxide 
based paints. These insoluble materials interfere with release of fresh biocide, 
thus limiting the lifetime of the paint such that the coating is no longer 
effective after one to two years. In the 1960's, organotins came to be used as 
effective inhibitors in antifouling paints. Organotins, such as tributyltin oxide 
(nBu3SnO-M>, TBT), can be either physically dispersed or dissolved within an 
insoluble, non-ablative, film-forming resin or covalently bonded to a polymer 
resulting in an ablative film. In the former system, release of the inhibitor 
depends on an osmotic mechanism by which the inhibitor is released into the 
seawater matrix by simple diffusion. In the latter system, the biocide is 
covalently bound to the polymer backbone and is released into the seawater 
via a hydrolysis mechanism .166 As this happens, tributyltin release leaves 
behind a polymer surface that is hydrophilic and can be dissolved by seawater. 
Therefore, the film breaks down at a rate controlled by surface hydrolysis, and 
the paint film polishes, leaving the ship's hull smooth over time. This type 
of release is shown in Scheme 3-1. Other ablative systems consist of inhibitor
230
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An inherent problem of copper- and tin-based inhibitors is that, 
although they are considered very effective and control a wide range of both 
algae and barnacle growth, they are toxic to many types of marine life.167 in 
the past twenty years, growing environmental concerns over the toxic effects 
of TBT's toward non-target species of marine life have resulted in the U.S. 
Environmental Protection Agency placing strong restrictions on their use.*68 
Similar restrictions have been mandated by France, Great Britain and 
Germany as welU68 Therefore, recent years have seen a significant increase 
in research toward isolation and identification of marine natural products 
utilized by marine organisms as antifouling defenses for the inhibition of 
microbial, algal and invertebrate biofoulants. These compounds are typically 
non-toxic except to specific target organisms16^  and are therefore potential 
inhibitors for our coatings. Our efforts are focused on developing coatings 
which release these fouling inhibitors, or analogs, at controlled rates for 
sustained periods of time.
231
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Marine Biosurfaces Research Group (MBRG) Effort
Research on this problem has been conducted at the University of New 
Hampshire by the Marine Biosurfaces Research Group (MBRG), a 
multidisciplinary team comprising microbiologists, organic chemists and 
polymer scientists. The MBRG effort is part of a multidisciplinary 
interlaboratory effort that has been organized by the US Office of Naval 
Research (ONR).163 During the course of this work, collaboration was actively 
carried out with several research groups, including Targett and coworkers at 
the University of Delaware College of Marine Studies,170 Bonaventura, 
Rittschof and coworkers at the Duke University Marine Laboratory 
(DUML),171 and Smith and coworkers at the University of Hawaii Marine 
Laboratory.177
Testing of biodegradable organic compounds and marine natural 
products as potential antifouling inhibitors of microbial, algal and 
invertebrate components of the biofouling community was carried out by our 
project collaborators. The two candidate antifoulants used principally in this 
work were y-decanolactone (160) and 2-hexanoylfuran (161). Compound 160
was identified as a structural analog of renillafoulin A (162), a diterpene 
extracted from the sea pansy Renilla reniformis. Renillafoulin A is a potent 
toxin which was initially reported as a compound that inhibited the
232
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settlement of barnacle larvae.173 2-Hexanoylfuran (161) was chosen from 
several structural analogs of pukalide (163), a furanocembranolide isolated 
from the soft coral Sinularilia abruptaA74 Like compound 162,163 exhibited 




Table 1-1 lists EC50 and LC50 values of candidate inhibitors 160 and 161 as well 












In vitro testing of several structural analogs of 162 demonstrated that the
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relatively simple compound 160 exhibited toxicity of equal magnitude to 
renillafoulin A and was therefore chosen as a candidate inhibitor.
As with 160, compound 161 represents the most effective of the simple 
pukalide analogs tested with respect to its toxicity toward target organisms. 
Both 160 and 161 are commercially available.176
Within the context of the overall project, the specific goals of the UNH 
MBRG have been to (i) develop analytical methods to quantify release of 
candidate inhibitors from films at very low concentrations, (ii) assess the 
release behavior of the antifoulants from films, (iii) develop appropriate 
delivery systems and, (iv) submit samples for field testing.
Table 3-1. EC50 and LC50 Values of Candidate Inhibitors and Natural Products.
Compound EC50 LCso
Renillafoulin A 2ng/mL >500 pg/mL
undecanoic-y-lactone 505ng/mL 11 pg/mL
y-decanolactone 5 |ig/mL 29 pg/mL
y-nonanoic lactone >25 pg/mL >50 pg/mL
y-valerolactone >500 pg/mL >500 pg/mL
pukalide 19ng/mL >500 pg/mL
2-hexanoylfuran 355 pg/mL 31 mg/mL
ethyl-3-furoate <5 pg/mL 73 pg/mL
2-butyrylfuran 27 pg/mL >50 pg/mL
The practical application of these coatings requires a service life of at least five 
years 163 and an inhibitor delivery release consistent with a level that is 
required to adequately inhibit the attachment of biofouling organisms to the
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surface of the coating. For these reasons, the coatings must display physical 
and chemical integrity in the seawater environment, and the inhibitors 
themselves must be stable, i.e., they must not undergo photolytic or 
hydrolytic degradation in the seawater environment. Because the molecular 
structure and toxicity of each inhibitor varies, the effective flux will vary with 
inhibitor. However, it was agreed among project collaborators that the 
coating should be expected to release inhibitor for at least 30 days at a target 
rate of 1-5 iig-cm-2-day-1, without regard to the inhibitor type, prior to 
submission to advanced test sites.177/178 Therefore, coating release was 
characterized both by magnitude of release rates and the extent to which 
release rates varied over time. Ideally, it is desired to achieve release rates at 
controlled levels which are relatively constant for long time periods (zero 
order release).
Microcapsules and Microencapsulation
One method for release of antifouling inhibitors into seawater is 
physical immobilization of the inhibitor within a non-ablative vinyl film 
coating. These coatings are termed conventional films since the film consists 
merely of the inhibitor dissolved or dispersed in the binder polymer. 
Typically, coatings of this type are only effective for short periods of time as 
vinyl films do not present a sufficient barrier for release of inhibitor into a 
seawater matrix. Dispersion of an inhibitor in a polymer matrix is not
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expected to control release rates for a sustained time period because initial 
release rates are typically very high, followed by continually decreasing fluxes. 
This decrease can be attributed to a decrease in concentration of the inhibitor 
in the coating over time. As the concentration decreases, the effective driving 
force for release decreases and declining release rates are observed.
Our project goal was to develop coatings for the candidate antifoulants 
which have driving forces and resistances that are reasonably constant over 
time, therefore displaying controlled, sustained release. One way we 
envisioned achieving these conditions was to use composite coatings, i.e., 
encapsulate the inhibitor within a polymer shell and subsequently disperse it 
in the coating. 179 Incorporating microcapsules into simple, non-ablative 
films introduces a new controlling element to the system. The inhibitor must 
first migrate through the encapsulating shell and then through the binder 
into the seawater matrix. Microcapsules containing core reservoirs (reservoir 
microcapsules) surrounded by shells that limit the rate of diffusion of the 
reservoir material into the surrounding environment were our specific target 
because they offer the possibility of release rates that remain essentially 
constant over time (zero-order) in non-ablative film matrices. The 
requirements for zero-order release in a microcapsule-based film are: (i) the 
shells must remain intact and unchanged during release, (ii) the movement 
of core molecules through the shell is the rate-limiting step of the release 
process, (iii) the concentration of reservoir material inside the limiting shell
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surface remains constant and, (iv) all microcapsules loaded in the polymer 
matrix should have similar reservoir loads and release rates. One 
disadvantage of reservoir microcapsules is that they are sometimes quite 
fragile and this chararacteristic must be considered in their synthesis and 
handling.
Microcapsules are defined as spherical particles with a diameter of 
approximately 50 nm to 2 mm and are composed of an excipient polymer 
matrix, or wall, and an incipient active component referred to as the reservoir 
or core material.1793 Within this definition, microcapsules include such 
products as coated powders and any type of particulate material containing a 
solid, liquid or gaseous incipient. In the microencapsulation process, capsules 
are typically evaluated on the basis of size and size distribution, loading 
fraction (mass of reservoir material/total mass of microcapsules), and release 
properties. Release from microcapsules can typically be measured directly 
into some solvent by utilizing either a shaker bath or rotating arm apparatus 
to agitate the microcapsules.
Industrial applications of microencapsulation date to the mid-1950's, 
when Green and Schleicher produced microencapsulated dyes for the 
manufacture of carbonless copy p a p e r .1 so Since then, microencapsulation has 
become increasingly popular in pharmaceutical technology as well as many 
other industrial applications.181 In controlled release formulations, the 
technique represents an effective method for attaining controlled, sustained
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release for periods ranging from several hours to days, months, or even years, 
depending on the desired application.179a Many methods have been 
developed for both large scale commercial and smaller scale 
microencapsulation,182 and a summary of major microencapsulation 
techniques is presented in Table 3-2. Many different methods for synthesis of 
microcapsules have been reported. Of these methods, many overlap in terms 
of properties obtained, e.g., hardness of shell, or size of microcapsules.
Experiments described in our work utilized candidate inhibitors 
encapsulated in a polymer made by complex coacervation of gelatin and 
polyphosphate.
Table 3-2. Common Laboratory and Industrial Methods for 
Microencapsulation
Complex Coacervation
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used for the encapsulation of lipophilic oils because this method invariably 
yields microcapsules of very small diameter (50-100 pm) and the procedure 
can be easily carried out in the laboratory.183 The term coacervation was 
introduced in 1929 by De Jong and Kruyt to describe separation of aqueous 
colloid solutions into two immiscible liquid layers.184 Since that time, the 
term coacervation has been expanded to include processes of film deposition 
in non-aqueous media as well.183 However, for the purposes of this 
discussion, only aqueous coacervation systems are described. Polymer 
coacervation involves partial desolvation of polymer molecules as compared 
with exhaustive desolvation observed in precipitation. The starting material 
for formation of the capsule wall is a water-soluble polymer.
Aqueous coacervation systems are subdivided into simple and complex 
coacervation. Simple coacervation involves a single polymeric material, e.g., 
gelatin, alginates, albumin, casein, agar, gum arabic or starch, while complex 
coacervation involves two oppositely charged polymers. The latter method 
utilizes a phase separation technique from an aqueous solution system. In a 
complex coacervation procedure, because encapsulation is conducted in an 
aqueous solution, the core or fill material must be a water- insoluble solid or 
liquid. A water-soluble material cannot be used in this procedure. In 
solution, emulsified droplets of the lipophilic compound is surrounded by a 
dilute solution of a water-soluble ionic polymer. As a second water-soluble, 
oppositely charged, ionic polymer is added, a condensed polymer phase
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separates from the aqueous solution to form the wall around the droplets of 
lipophilic fill material. Coacervation results when an aqueous solution of a 
positively charged colloid and a negatively charged colloid are mixed. Thus, 
phase separation results from an ionic interaction. The two phases consist of 
a water-insoluble colloid phase and a dilute water-soluble colloid phase. The 
condensed phase is used as the wall of the capsule. This concept is illustrated 
in Figure 3-1. Two alternative mechanisms of microencapsulation by 
complex coacervation have been proposed. According to the first mechanism, 
the core droplets are gradually coated by the newly formed coacervate nuclei. 
Alternatively, relatively large coacervate drops may first be formed followed 
by bulk encapsulation of the core droplets. The dominant release mechanism 
depends largely on the experimental conditions. If the core material is 
present at the onset of the coacervation process, as it is in our experimental 
procedure, then gradual surface deposition is expected to be the dominant 
mechanism. Alternatively, if the core material is added after the completion 
of the coacervation process, and adequate stirring is not provided, then 
microencapsulation must involve a bulk coating mechanism. In the 
preparation of microcapsules described herein, n-octanol was used as an 
emulsifying agent and high-speed stirring was used throughout the procedure 
to ensure that gradual surface deposition took place.
The use of gelatin in simple and complex coacervation processes has 
been widely reported.186 Gelatin is produced commercially in two forms:
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gelatin A (acid-processed) and gelatin B (base-processed), though type A has 
been the most common subject of papers and patents concerning coacervation 
systems.18615 The use of gelatin B has been reported, but less frequently. Type 
A gelatin is produced by acid (HC1 or H2SO4) hydrolysis of porkskin. Gelatin 
is a heterogeneous mixture of water-soluble, partially hydrolyzed proteins 
with an average molecular weight of 105-106 daltons.187
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Figure 3-1. Schematic Representation of Gelatin/Polyphosphate 
Microencapsulation by Coacervation
Inhibitor + G elatin
A dd P o ly p h o sp h a te
A djust pH 
to  4 .4
Crosslink
The pKa values for ionizable side chains of amino acid residues in 
gelatin A range from 3.9 to 12.5. The isoelectric point for the protein is the pH 
at which there is no net charge.
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Table 3-3. The Amino-Acid Residues in G ela tin es




















Typically, isoelectric points for type A gelatin range from 4-9, although most 
commercially available gelatins have an isoelectric point of pH 4.3, which 
means an aqueous solution of gelatin is net cationic below this pH and net 
anionic above it.
The use of polyphosphate in complex coacervation procedures was first 
developed by Fogle and co w o rk ers.189 An aqueous polyphosphate solution 
can only be neutral or anionic depending on the pH. Thus, in a dilute gelatin-
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polyphosphate aqueous solution, at a pH above 4.3, both gelatin and 
polyphosphate are net anionic. However, when the pH is adjusted to below 
4.3, the side chains of glutamic acid residues on the gelatin are protonated and 
the gelatin becomes net cationic. At this point, an interaction takes place at 
the aqueous/organic interface to form a coacervate. Upon cooling, gelation 
takes place between gelatin and polyanionic polyphosphate. The 
stoichiometry of the gelatin-polyphosphate polymer is approximately 9.1:1 by 
weight.190 Since the gelatin/polyphosphate coacervate is 90% gelatin, the 
chemistry of crosslinking ("curing") is dominated by the nature of side chains 
of amino acids in the gelatin.191 The amino groups are the sites most
amenable to modification in aqueous solution. These include the a-amino 
group of the N-terminal amino acid, of which the proportion is small, and 
the e-amino side groups of lysine and hydroxylysine. The gelatin- 
polyphosphate coacervate is cured by addition of aldehydes such as 
formaldehyde or glutaric dialdehyde.192 In the case of formaldehyde, the 
proposed mechanism of crosslinking involves an initial equilibrium 





G-N H -CH2OH + H+
164
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Two proposals have been made regarding the nature of the crosslinking step 
of the formaldehyde reaction ;i93 ,i94








Methylene bridges (aminal functional groups, 165) are usually proposed for 
the crosslinking of proteins by formaldehyde. However, it has been pointed 
out194 that this may be sterically difficult with such a short crosslink (2.4-2.5 
A). Therefore, CH2-O-CH2 crosslinks (in 166), which are about twice the 
length, may be the more stable than methylene bridges.
Due to the inherent reactivity of the aminal functional group, we also 
propose an additional crosslinking mechanism. It is known that imine 
functionalities are typically reactive. We believe that the imine can undergo a 
reaction to form the thermodynamically stable hexahydrotriazine, 167.195
167
In the case of difunctional aldehyde crosslinking agents such as 
glutaraldehyde, R o b in so n i9 6  proposed that the mechanism of crosslinking
GI
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NH HN',G NG NG
i i
G 2GNH2 + h
H H
170 169
Upon dehydration of 168, the bis-imine (169) could be formed. Compound 
169 could also react with other amino groups. Thus, glutaraldehyde may be 
capable of crosslinking as many as four sites, as in structure 170.
The extent to which crosslinking affects release of active agents has 
been the subject of one recent literature report.197 Biodegradable 
microcapsules are of special attraction for chemotherapy via 
chemoembolization (surgical implantation of a bioerodible matrix containing 
a therapeutic agent, mainly used for sustained-release, in vivo 
applications).197 in chemotherapeutic applications, the rate of dissolution of 
the microcapsule wall is particularly important. McMullen and Bechard197 
reported quantitative control of microcapsule dissolution by adjusting the 
extent of crosslinking. Gelatin-pectin microcapsules with different levels of 
crosslinking were produced by employing different concentrations of 
formaldehyde crosslinking agent, and/or adjusting the crosslinking time.
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The dissolution rate of microcapsules was then studied by measuring the 
number of remaining particles in aqueous solution as a function of time. The 
dissolution threshold, i.e., the time at which dissolution of the crosslinked 
microcapsules was first observed, was also measured. The overall results of 
this study are summarized in Table 3-4. In our work, microcapsules were 
incorporated into non-ablative composite coatings to examine release 
chararacteristics of candidate antifoulants. Incorporating microcapsules into 
simple films brings forth a new set of issues that must be addressed. The 
solvency characteristics of the encapsulating polymer are important. If the 
solvent used in film casting is also a good solvent for the encapsulating 
polymer, then the microcapsules will swell when added to the film solution. 
The result will be rapid diffusion and loss of the active agent from the 
capsules into the film solution. Rate of diffusion of the inhibitor from the 
microcapsule into the polymer matrix is also an important factor. In our 
work, the rate of release of inhibitor from microcapsules into an organic 
solvent, isopropyl alcohol, was studied prior to examination of composite 
microcapsule-containing coatings. This was done in order to determine 
whether the capsule wall was an effective barrier to rapid diffusion of the 
inhibitor into its surrounding material.
The coacervation method we used was a modification of the method of 
Fogle and Horger189 and a stepwise depiction of this procedure is shown in 
Scheme 3-2. Typically, a 5:1 mixture of an aqueous solution of the positively
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charged colloid (gelatin) and negatively charged colloid (polyphosphate) was 
maintained at 50° C.
Table 3-4. Dependence of Dissolution Rate of Gelatin-Pectin Microcapsules on 











H alf-life  
(xn/ min)
3 30 0.8 2.7±0.2
4 30 5.0 9.5±2.5
5 30 8.3 20.514.7
3 45 5.0 7.711.4
4 45 16.7 41.215.8
5 45 33.3 93.7115.6
3 60 8.3 20.612.8
4 60 66.7 180.1127.2
5 60 480.0 751.91159.3
When the solution was cooled and the pH of the system was adjusted to 4.3 
with dilute acetic acid, coacervation of the cationic polymer and anionic 
polymer took place. In this case, we believe that the coacervate grows by using 
the reservoir material (the candidate antifoulant) as a nucleus, until the 
coacervate surrounds the reservoir material completely. The size of the 
reservoir droplet can range from approximately five to several hundred 
microns in diameter. Manipulation of size range can be performed by 
changing the rate of stirring during the emulsification step. Particle size 
control is a principal objective of coacervation because of the need for 
uniformity of capsule size. Slow cooling from 45-55° C to room temperature
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under constant agitation is essential for the structural integrity of nascent 
microcapsules. If the system is cooled too quickly, much of the gelatin- 
polyphosphate coacervate will fail to deposit around the active agent, but 
remains as discreet coacervate drops. Such free coacervate drops are 
undesirable. Of equal importance is the adjustment of pH in the aqueous 
system. If pH adjustment is carried out too rapidly, agglomeration or fused 
masses result instead of discrete microcapsules. The final step in the 
procedure is crosslinking of the gelatin in the nascent microcapsules.
249
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Scheme 3-2: Flow Chart Representation of Microencapsulation 
by Complex Coacervation







Dilution Water (50° C)
Mix
Adjust pH to 4.4  
(Glu protonated)
Cool
G NH h n g  
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III. RESULTS AND DISCUSSION
Inhibitor 160: Quantification and Measurement of Release Rate from Simple 
Films
a) Results: The analytical method for detection of the candidate inhibitor 160 
involved a continuous liquid/liquid extraction, gas chromatographic (GC) 
detection method.
160
Determination of sub-micromolar concentrations of 160 in artificial seawater 
(ASW) required that a standard protocol be developed that could be used 
reliably in quantification of subsequent release experiments. Standard 
solutions of 160 in ASW were prepared, with concentrations ranging from 2.9 
x 10-4 M to 5.9 x 10'7 M. In each case, the ASW solution was transferred to a 
continuous liquid-liquid extraction apparatus and extraction was carried out 
for 24 hours with purified dichloromethane. The organic phase was then 
concentrated by distillation through a Widmer fractionating column. After 
quantitative addition of a known standard, naphthalene in this case, the 
concentrated solution was diluted to a standard volume and injected into a 
gas chromatograph equipped with an integrator. Determinatioii of the 
concentration of 160 in a given sample was carried out by comparison of the
251
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relative area of 160 vs naphthalene to a response factor curve. The method is 
reproducible with detection limits in the low part per billion (10-7 M) range. 
The relative response factor (RRF) curve is shown in Figure 3-2 (Tabular 
results and statistical analysis are presented in detail in the Experimental 
Section (Chapter V).
Figure 3-2. y-Decanolactone (160)/Naphthalene relative response (RRF) 
Curve.
y = 0.476x + 0.033<D
® 5"
CD






Compound 160 was initially evaluated for its release characteristics in 
conventional copolymer films. Each of the resins used, manufactured by 
Union Carbide and trademarked UCAR, are vinyl copolymers recommended 
for non-ablative marine coatings applications. Two of these resins are 
terpolymers of vinyl chloride, vinyl acetate and either vinyl alcohol or
252
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hydroxyalkylacrylate in order to increase the hydrophilicity of the polymer. 
Monomer percentages for each of the polymer resins used in our coatings are 
summarized in Table 3-5.
Table 3-5. Percent Composition of Vinyl Copolymer Resins used in Release 
Rate Experiments









VYHH 86 14 27,000
VAGF 81 4 15 33,000
VAGH 90 4 6 27,000
anumbers represent monomer composition, by weight, prior to 
polymerization
bnumber-average molecular weight
Preparation of coatings and release experiments were carried out as follows. 
Epoxy rods were coated with an MIBK (methyl isobutyl ketone or 4-methyl-2- 
pentanone) solution containing 20% inhibitor/80% binder, by weight. After 
evaporation of the solvent by a standard method (see Chapter V), duplicate 
rods were each placed into a separate cell containing filter sterilized ASW. 
Each cell was covered and stirred with a teflon magnetic stir bar at slow speed 
to create agitation in the cell. At set time intervals, the ASW was removed 
from the cell and replaced with fresh ASW. The ASW was then analyzed for 
inhibitor 160 content by the extraction/GC analysis method previously 
discussed. Short term release rates of 160 from VYHH resin at a loading of 
20% of the total weight are shown in Figure 3-3.
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The data for the VYHH coating shows an initial high rate of release followed 
by dramatically decreasing release rates ranging from 1.03 x 10-3 to 8.87 x 10-4 
(imol-cm-2-day-1. After 5 days, release rates dropped to below the detection 
limit of the analytical method (1.00 x 10-7 M). These results were replicated 
four separate times under the same conditions by the Polymer Research 
Group of the University of New Hampshire (PRG) with reproducible 
results.198 Several control experiments were performed in an attempt to 
explain this phenomenon.
To investigate the possibility that 160 was being removed during the 
solvent removal (drying) process of the coating, a CD2CI2 solution of the 
coating was examined by tH  NMR. Relative integration of peaks assigned to
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160 and polymer showed that inhibitor loading was 20.8% by weight prior to 
the start of release experiments. The possibility that lactone degradation 
occurred at the film surface interface in ASW was also investigated. The 
likely degradation pathway is shown in Scheme 3-3. To investigate this 
possibility, stability studies were carried out on a 0.29 mmol solution of 160 in 
artificial seawater. Aliquots of the solution analyzed by the GC detection 
method at t = 0 days and t = 5 days showed that the concentration of 160 did 
not change in the 5 day period, indicating that insignificant degradation of 160 




Coatings containing 20% by weight of 160 in VAGF and VAGH were also 
evaluated (Figure 3-4). Both VAGF and VAGH coatings demonstrated 
release rates that were consistent with what had been observed for the VYHH 
case. After a 24-hour burst, release rates at 96 hours were 1.43 x 10-3 and 1.27 x 
10-3 |imol-cm-2-day-i for VAGF and VAGH, respectively. At 120 hours, release 
from both coatings had fallen below the detection limit of the method (1.00 x 
lO-7 M). As with the VYHH coating, percent compositions of the coatings were 
determined by 1H NMR analyses. The VAGF and VAGH coatings contained 
14.9% and 18.1% of 160 by weight, respectively.
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Discussion: The coating in which 160 is dissolved in the copolymer or 
terpolymer resin is an example of a diffusion-controlled matrix. The release 
behavior for this type of system is characterized by initial high release rates 
followed by continually decreasing flux. This type of behavior is largely 
attributed to an increase in diffusional resistance as inhibitor release 
p r o c e e d s .199 initial high release rates are due to surface diffusion of the 
inhibitor into seawater. As the concentration of inhibitor within the polymer 
matrix decreases, the observed release rates decrease as well.
256
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The observed release profiles of 160 from the vinyl resins each 
demonstrate an initial burst of inhibitor in the first 24 hours of the study: 7.58 
x 10-2 pmol cm-2 d ay1 in VYHH, 3.29 x 10-2 and 2.64 x 10-2 (imol cm-2 
day-1 for VAGH and VAGF, respectively. This is due to a burst effect,200 
which is itself a consequence of migration of some dispersed or dissolved 
material to the surface during film preparation and drying. This surface- 
associated material is readily leached. However, the dramatic decrease in 
release of 160 after this initial burst period is atypical of diffusion controlled 
release.
Non-ablative coatings require the inhibitor to migrate to the seawater- 
polymer interface in order to be released into the aqueous environment.
Such a migration depends upon the effective diffusivity of the inhibitor 
within the coating. Although it can be readily understood that dissolution of 
the inhibitor in the polymer coating will not yield a constant release rate over 
time, we expected a more gradual decline in release of 160.
It was believed that since VAGH and VAGF are more hydrophilic than 
VYHH, they should allow more water penetration. Therefore, in these cases, 
higher release rates might be observed. However, both resins are 
hydrophobic. Since the total time of the experiment was only 120 hours, there 
may not have been significant water penetration into the polymer. Therefore, 
it is possible that the short period over which this study was carried out did 
not allow adequate time for water penetration to occur. However, the very
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low release rates that were observed, i.e., an order of magnitude below 
effective levels at 72 hours in the VYHH case and 96 hours in the VAGF and 
VAGH cases, indicate that simple diffusion of 160 from any of the copolymer 
resins is not an effective method for achieving sustained release for 
significant time periods.
The possibility that the inhibitor was removed to some extent during 
the solvent removal process, i.e. drying in a vacuum oven at ambient 
temperature, was considered. However, 1H NMR analysis of the coating 
conclusively showed that an insignificant amount of inhibitor had been 
removed from the VYHH coating during the solvent evaporation process. In 
both the VAGH and VAGF case, it is clear that a fraction of 160 was lost from 
the coating by evaporation during the solvent removal process. However, 
this partial loss of inhibitor does not account for the dramatic decline in 
release rates observed in these coatings. Control experiments also proved that 
160 was photolytically and hydrolytically stable over a 5 day period. Therefore, 
biodegredation of the lactone is not a plausible explanation for the sharp 
decline in release rates. Other explanations have been proposed, such as the 
possibility that the six carbon chain on 160 is becoming "entangled" in the 
polymer backbone.201 However, other inhibitors have been studied by the 
Polymer Research Group that possess hydrocarbon chains and this aberrant 
behavior was not observed in those cases. The analytical method for 
quantification of inhibitor release was tested with controls for reliability and
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repeatability, as well. To date, we have been unable to explain the 
unexpectedly low release rates observed for the simple diffusion of 160 from 
vinyl coatings.
2-Hexanoylfuran Quantification and Release from Hydrolyticallv-Labile. Self- 
Polishing Coatings




The relationship between concentration and absorbance at the UV maximum 
absorption (Lambert-Beer Law)202 was experimentally determined for 161 in 
ASW (Figure 3-5) and several other solvents, therefore allowing direct 
measurement of the inhibitor concentration. A summary of X,max and molar 
absorptivity (e) values of 161 obtained in various solvents is given in Table 3- 
6.
As with compound 161, potential degradation pathways of the 
molecule were considered prior to examination of release from polymer 
coatings into ASW. Therefore, photolytic and hydrolytic stabilities of the
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candidate inhibitor were evaluated in separate *H NMR and UV experiments.









Compound 161 could potentially degrade in artificial seawater by aldol 
condensation203 or hydrolysis of the furan moiety.204 However, UV analysis 
of a 2.07 x 10-5 M solution of 161 in artificial seawater showed no change in 
Xmax or absorbance over a 2-day period. Similarly, a 3 x 10-3 M solution of 161 
in D2O, pD = 7.8, (pH adjusted with NaOD/D 2Q) showed no change in the *H
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NMR over a 2 day period.
Coatings containing 20% by weight 161 in poly(vinyl benzoate) (PVB), a 
self-polishing, hydrolytically labile polymer,i&5 were evaluated over a 30-day 
period. In artificial seawater, PVB very slowly hydrolyzes to benzoate anion 
and poly(vinyl alcohol).205 Compound 161 was dissolved in PVB to evaluate 
release from the erodible matrix. A 20% by weight solution of 161 in PVB was 
prepared and coated on epoxy substrate (rods).
Table 3-6. Summary Data of Xmax and Molar Absorptivity (e) of 2- 
Hexanoylfuran (161) in Various Solvents_____________________________
Solvent ^maxirvn) molar absorptivity e
Artificial Seawater 275.5 1.54 x 104
Methanol 270.0 1.26 x 104
2-propanol 269.5 1.43 x 104
THF 266.5 1.48 x 104
Hexanes 261.5 1.53 x 104
Rods were then dried according to standard protocol (see Chapter V for 
details). Rods were suspended in cells containing filter-sterilized ASW and 
agitated with teflon-coated stir bars. Inhibitor concentration was determined 
by replacing seawater at time intervals and analyzing aliquots of seawater by 
UV. Concentrations were determined by comparing experimentally 
determined UV absorbances to the previously determined Beer's law relation 
for 161 in ASW. Release was monitored by UV for 30 days. Release rates 
obtained during the 30 day experiment are shown in Figure 3-6. After an
261
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initial 1-day burst, release rates in duplicate trials ranged from 2.25 x 10-2 to 
2.10 x 10-3 pmol cm-2 day-i, showing a decrease in flux over time that is typical 
of diffusion controlled coatings.




















Discussion: One method for achieving sustained, controlled release of 
biofouling inhibitors involves the use of erodible or self-polishing polymers 
in which the inhibitor is either i) covalently bound to the polymer backbone 
or, ii) physically dispersed or dissolved within the erodible polymer matrix.206
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In the former case, inhibitors are typically bound to the polymer backbone via 
a hydrolytically labile covalent bond. Thus, the rate of release of the inhibitor 
can depend upon the rate of hydrolysis of the polymer and the rate of erosion 
of the resulting polymer backbone, as well as the rate of diffusion of inhibitor 
through the polymer. Release rates that do not change as a function of time 
(zero-order) are theoretically achievable in these types of systems as long as 
the surface area remains constant.165 In the case of PVB, saponification of the 
ester moiety in seawater results in release of benzoate anion and a resultant 
poly(vinyl alcohol) backbone, which is water soluble (Scheme 3-4). As the 
resultant poly(vinyl alcohol) surface dissolves away, a fresh surface of PVB is 
exposed.
Scheme 3-4
W  + A' T /n P h ^ O -
0 ^ 0  OH
Ph
Physically dispersing or dissolving an inhibitor within an erodible 
matrix is a common method used to attain controlled release in systems in 
which the inhibitor is not amenable to covalent immobilization to the 
polymer backbone. In this type of system, inhibitor release from the erodible 
polymer matrix can be controlled by different mechanisms, i.e., release by 
surface erosion of the polymer, bulk erosion of the polymer or by diffusion
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through the polymer. The more rapid process, erosion or diffusion, will 
control the type of release that will be observed. For example, if release by 
surface erosion is the controlling mechanism, this approach should lead to 
zero-order release of the inhibitor as successive removal of surface layers of 
the polymer leave behind a fresh surface from which surface diffusion of the 
inhibitor into seawater can take place. Studies on the breakdown of PVB 
carried out by the MBRG207 have demonstrated that slow hydrolysis of the 
PVB backbone to benzoate and poly(vinyl alcohol) takes place, i.e., PVB 
releases benzoate into seawater in the range of 8 .0  x 10-4 to 1.6  x 10-3 pmol cm-2 
day-i over a period of 120 days. Figure 3-6 clearly shows that 161 was released 
from PVB at a rate which declined as a function of time during the course of 
the experiment. No opacity or swelling of the polymer was observed during 
the 30 day release experiment. Any swelling or opacity would probably 
indicate that water penetration into the polymer had occurred. If the rates of 
water penetration into the polymer and hydrolysis exceed the rate at which 
the polymer is surface eroded, bulk erosion can take place. This could result 
in swelling of the film or cracks and/or crevices which would be visible by 
light phase microscopy. Our observations suggest that bulk erosion of the 
polymer matrix does not take place. While previous experiments on the 
hydrolysis of PVB demonstrate that surface hydrolysis of benzoate does occur, 
resulting in controlled benzoate release for more than 120  d a y s ,207 our results 
in the 161/PVB system suggest that, through 30 days, diffusion of 161 through
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the polymer is taking place faster than surface erosion. In order to fully 
evaluate the release characteristics of inhibitor 161 from the hydrolytically 
labile film, studies may need to be carried out for longer than 30 days. It is 
possible that as diffusion slows due to the decrease in surface inhibitor 
concentration, more consistent release rates could be observed as the surface 
erosion becomes the dominant mechanism for release of 161. However, it is 
clear that release rates in this system are below the levels mandated for 
effective control of antifouling.163 Other results in our research group have 
demonstrated that hydrolysis rates in these self-polishing polymers can be 
changed significantly by the addition of different functional groups on the 
aromatic ring in vinyl benzoate.208 it is clear that physically immobilized 161 
is released from PVB. Inclusion of 161 or other potential inhibitors into a 
functionalized self-polishing coating which hydrolyzes at faster rates might 
merit some future consideration as a controlled release coating.
Microencapsulation of Candidate Inhibitors and Release of Inhibitor from 
Microcapsules into a Model Solvent
Both compound 160 and 161 were encapsulated with polyphosphate- 
gelatin by using the aqueous complex coacervation technique. Complex 
coacervation was chosen as a technique due to the mild conditions used as 
well as the ability to synthesize microcapsules on a laboratory scale without 
special equipment. In the case of 160, the microcapsules were initially
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crosslinked with glutaric dialdehyde. It was observed that, upon standing, 
these microcapsules lose their retention properties, i.e., they leak reservoir 
material into their surrounding environment. Therefore, further 
microencapsulation of 160, and subsequently all encapsulations of 161 were 
carried out with 37% aqueous formaldehyde as crosslinking agent. In the case 
of 161, release experiments were carried out on microcapsules directly into a 
model solvent and from vinyl composite films consisting of inhibitor-loaded 
microcapsules dispersed in vinyl film.
It was believed that the ionic nature of the gelatin-polyphosphate 
polymer should allow microcapsules to be dispersed in a hydrophobic 
polymer without significant swelling. To test this hypothesis, gelatin- 
polyphosphate coacervate was synthesized with no incipient material and 
evaluated for solvency in a number of aqueous and organic solvents using 
standard gravimetric techniques. The coacervate showed no measurable 
swelling in 4-methyl-2-pentanone (MIBK), acetone, or isopropyl alcohol. The 
coacervate swelled 4.2% by weight after stirring in methanol. That gelatin- 
polyphosphate microcapsules are not swelled by MIBK is important because 
MIBK is a common casting solvent in coating formulations. In our work, 
swelling of the microcapsule wall could potentially result in loss of the 
inhibitor to the bulk phase through the microcapsule wall upon addition to 
the polymer solution.
Release experiments were carried out on microcapsules directly
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dispersed in organic solvent to determine if the gelatin-polyphosphate 
microcapsule wall is a sufficient barrier to allow slow diffusion into a model 
solvent. To aid in determining an appropriate model solvent, Hildebrand 
parameters (8),209 which are experimentally determined values that represent 
dispersive and polar contributions to the energy of mixing, were used. The 
solubility parameter is typically used in order to determine an appropriate 
solvent to dissolve an amorphous polymer. In our case, the Hildebrand 
parameter was used to aid in finding a solvent which would interact with the 
microcapsule wall in a way similar to that of the vinyl resin.
Dissolution of an amorphous polymer in a solvent is governed by free 
energy of mixing:
AGm = AHm - TASm (Equation 3-1)
where AGm is free energy change on mixing, AHm is enthalpy change on 
mixing and ASm is entropy change on mixing. If AGm is negative, the 
solvation will occur spontaneously. Dissolution of a polymer is always 
accompanied by a large increase in entropy. Therefore, the sign and 
magnitude of the enthalpy term usually dictates the sign of the free energy 
term. Originally, solubility parameters were developed to describe the 
enthalpy of mixing of non-polar liquids, but have been extended to polar 
solvents and polymers.
Hildebrand and Scott210 and Scatchard211 proposed that
AHm = V ((A E 1v / V 1) i /2 .( E 2V /V 2)i/2))2(p1(p2 (Equation 3-2)
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where V is volume of a mixture, AE^ is energy of vaporization of species i, V; 
is molar volume of species i and <pi is the volume fraction of i in the mixture. 
The solubility parameter (Sj) is defined as the square root of the cohesive 
energy density and describes attractive strength between molecules of a 
material. The dimensions of 8i are (cal cm -3)i/2 .
8i = (AEiV/Vi)i / 2 (Equation 3-3)
Equation 3-2 can then be rewritten to give the heat of mixing per unit volume 
for a binary mixture.
AHm/V  = (81 - 82)2<pi(p2 (Equation 3-4)
For free energy of mixing to be negative, the heat of mixing must be smaller 
than the entropic term. Grulke209 states that free energy of mixing will always 
be negative if 8i = 82 and the components will be miscible in all proportions.
If (81 - 82)2 is small, then the components should be miscible. The 8 value of
VYHH is 9.98 (cal cm -3)1/2. Isopropyl alcohol, which has a 8 value of 11.5 (cal
cm-3)1 / 2, was chosen as a model solvent for microcapsule release studies 
because this solvent has a value close to that of VYHH, as well as the fact that 
it is easily purified and air stable.
A dispersion of 105-500 pm 161-containing microcapsules in isopropyl 
alcohol was continually agitated using a swirling apparatus and aliquots were 
removed periodically to measure release of 161 into the model solvent (by the
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UV method). Prior to the experiment, microcapsule content was determined 
to be 88 .8% inhibitor and 11.2 % crosslinked gelatin-polyphosphate wall 
material by weight. Sink conditions are achieved in this experiment due to 
the high solubility of 161 in isopropyl alcohol, i.e., release rates should not 
decrease due to saturation of the organic solvent. Results are shown in Figure
3-7.
Figure 3-7. Release of 2-Containing Microcapsules (9.1:1 Gelatin: 

















At the first sampling time, t = 1 hour, 24.8% of the inhibitor 161 had 
already been released. This is in the burst effect period and may not represent 
the true release characteristics of the polymer matrix. However, a burst effect 
is typically due to the migration of inhibitor to the polymer surface because of
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evaporation of the solvent. While this could happen to some extent in the 
microcapsule drying process, it is unlikely that such dramatic release could be 
accounted for solely by this phenomenon. It is possible that, to some extent, 
the large release could be due to breaking of some of the microcapsules. 
Release from the microcapsules into the isopropyl alcohol was observed for 
more than 120 hours. The experiment was terminated at t = 168 hours when 
the concentration of inhibitor in the isopropyl alcohol measured by UV 
analysis had not changed. At this time, 69% of the total mass of 161 in the 
microcapsules had been released. The fact that inhibitor was released from 
the microcapsules for at least 120 hours indicates that the polymer wall 
offered some control of inhibitor release.
McMullen and Bechard reported control of rate of dissolution of 
gelatin-pectin microcapsules in aqueous solution by adjusting the 
stoichiometry formaldehyde:gelatin in the microcapsule synthesis.197 Their 
data are presented in the background section of this chapter. We investigated 
how changing the stoichiometry of formaldehyde:gelatin in the microcapsule 
synthesis would affect the rate of release of inhibitor from microcapsule 
containing composite films. It is possible that changing the extent of 
crosslinking in a microcapsule wall could have an effect on the swelling of 
microcapsules in different solvents and thus the rate of diffusion of inhibitor 
through the polymer wall. At the extreme, heavily crosslinked microcapsules 
could potentially lead to brittleness and cracking in the capsule wall.
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Evaluation of the impact of changing the extent of crosslinking was carried 
out for gelatin-polyphosphate microcapsules crosslinked with formaldehyde. 
Three separate microencapsulation runs were carried out in which the weight 
ratio of formaldehyde to gelatin in the microcapsule synthesis was varied 
from 0.4 to 0.6 to 0.8. All other conditions in the microencapsulation, 
including the time allowed for crosslinking (>12 h) were unchanged. In each 
case, microcapsules in the 105-500 pm size range were dispersed in isopropyl 
alcohol and agitated on a swirling apparatus. Aliquots of isopropyl alcohol 
were withdrawn at various time intervals and analyzed by UV. After 168 
hours, for microcapsules prepared with crosslinking ratio 0.4, 0.6 and 0.8, the 
percent inhibitor released was calculated to be 65,50 and 46%, respectively.
The experiment was terminated at this time.
Several models have been used to evaluate release from polymer 
matrices. In order to evaluate and compare the release characteristics of the 
four experiments described above the Higuchi model,212 which is derived 
from Fick's Law, was used. This diffusion model is described by Equation 3-5
Q = (D(2A0 -C s)Cst)1/ 2 (Equation 3-5)
where Q is the amount of inhibitor relased after time t per unit exposed area, 
D is the diffusitivity of the inhibitor in the homogeneous matrix media, A is 
total amount of inhibitor present in the matrix per unit volume and Cs is the 
solubility of the inhibitor in the matrix substance. According to this model, 
release is dependent on tV2.
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Figure 3-8 shows percent inhibitor released vs. time for the three 
experiments compared to the previously described experiment in which 
formaldehyde/ gelatin ratio was 0.2. The data were each fitted to a non-linear 
regression. Qualitatively, there is no definitive trend as the crosslinking ratio 
is increased, i.e., the rate of release does not vary linearly as a function of 
crosslinking ratio. To further evaluate the data sets, amount released vs Ti/2, 
where the amount released is defined in this experiment as total inhibitor 
release and TV2 is the square root of elapsed time, was plotted for each 
experiment, and results are shown in Figure 3-9 (A = 0.2, B = 0.4, C = 0.6, D = 
0.8). Here, the first data points (1 hour) have been deleted since they represent 
a burst effect and may not represent the true release characteristics from the 
microcapsules. It is clear from the plot that each of the data sets appear to be 
linear. The slopes ± uncertainties, which are 95% confidence limits of the 
slopes, are summarized in Table 3-7. Statistical analysis was carried out in 
which each pair of slopes was compared in the same way as two means, using 
t-tests.213 Within 95% confidence limits, no differences were detected on 
comparing each pair of slopes. Given these results, there is no evidence to 
support the hypothesis that crosslinking affected rate of release through the 
microcapsule wall or that crosslinking was significantly different in any of the 
four cases. It is suggested that given these results, future experiments should 
be performed in which variation of crosslinking is tested on free coacervate. 
Differences in swelling in various solvents could then be used as a direct
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measure of the extent of crosslinking.
Figure 3-8. The Effect of Stoichiometric Ratio of Formaldehyde:Gelatin 
Varied In Microcapsule Synthesis In 161-Containing Microcapsules (9.1:1 
Gelatin: Polyphosphate Formulation, Crosslinked With Formaldehyde) on 
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Figure 3-9. Q vs. Ti/2 for 161-Containing Microcapsules (9.1:1 Gelatin: 
Polyphosphate Formulation, Crosslinked with Formaldehyde). 

















Table 3-7. Q vs Ti/2 slopes For 4 Trials (Lines Fitted By Linear Least-Squares 
Regression; Reported Uncertainties Are 95% Confidence Limits Of The Slope)
Crosslinking Ratios Slope ± uncertainty
0.2 1.34 ± 1.04
0.4 0.325 + 0.233
0.6 0.281 ± 0.166
0.8 1.16 ±0.820
aratio of wt. of formaldehyde/wt. gelatin used in microcapsule formulation
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Release of 161 from 161-Containing Microcapsules (9.1:1 Gelatin: 
Polyphosphate Formulation. Crosslinked with Formaldehyde)/Vinyl 
Composite Films Into ASW
Release experiments from composite vinyl films containing 
microencapsulated 161 were carried out. Microcapsule size distribution used 
in composite films was between 105-500 |tm, and capsules comprised 20% of 
the total weight of the polymer coating. The composite coatings were 
prepared as films on epoxy substrate (rods) and 30 day release experiments 
were run in ASW. After an initial 1-day burst period (1.11 and 0.73 pmol cm-2 
day-1, duplicate trials), release rates fluctuated somewhat but declined fairly 
steadily over the following 33 days. No opacity or cracking in the coating was 
apparent. Cracking in the composite coating is a major concern due to the 
nature of the microcapsule wall material. Rapid diffusion of water into the 
vinyl matrix would cause rupturing of the microcapsule walls and control of 
release would be lost. Release rates at 30 days were 3.2 x 10*3 iimol-cm^ day-1 
and 1.6 x 10-3 pmol-cm-^day-1, which is an order of magnitude below the 
target release rates for typical macrofouling inhibitors. Light phase 
microscopy showed that large microcapsules used in the film preparation 
protruded above the surface of the vinyl film. This could account for the 
observed burst effect observed at 1 day. Also, among the requirements to 
achieve controlled release in these composite coatings, are i) that inhibitor 
concentration within the microcapsules remain essentially unity and, ii) that
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microcapsule composition and size is consistent throughout the coating.
Figure 3-10. VYHH Composite Coating: Incremental Flux vs. Time. Coating 
Contains 20% 161-Containing Microcapsules, By Weight. Microcapsule 
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Protrusion of microcapsules would cause rupturing which would quickly 
deplete the inhibitor. Therefore, composite films used in the subsequent 
experiment were prepared with the consideration that the possibility of 
protrusion from the surface must be eliminated.
Release experiments were carried out by modifying the coating. 161- 
Containing microcapsules used in this release study experiment were 50-105 
|im in diameter and were not observed to protrude from the surface of the 
coating by light microscopy. Coatings used were 35% by weight microcapsule
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and 65% vinyl copolymer. Although no protrusion was observed, rods were 
"dear-coated" by casting a VYHH copolymer layer over the composite coating 
on the epoxy rods. Results of 60 day release experiment are presented in 
Figure 3-11. As with the previous experiment, a burst effect was observed for 
greater than 10 days (1.1 to 33 pmol cm-2 day-1). While a decline in release rate 
was observed between day 11-21, release rates fluctuated somewhat but ranged 
between 5.7 x 10-2 and 7.4 x 10-2 pmol cm-2 day-1 (9.5 to 12 pg cm-2 
day-1) between days 25-61. More importantly, release rates were more than an 
order of magnitude higher than had been observed in the previous 
experiment. This observation can be attributed to a number of factors. The 
percent by weight of microcapsules in the coating was increased over the 
previous experiment from 20 to 35%. In addition, the size range of 
microcapsules used was changed from 105-500 pm to 50-105 pm diameter.
This substantially increases the surface area from which to release the 
inhibitor. The initial flux observed from day 1-10 in this experiment was 
much higher than had been observed in the previous release experiment for 
161-containing composite coatings. We hypothesize that some microcapsule 
core material is most likely lost to the vinyl film during the film preparation. 
Examination of a fragment of the composite coating by scanning electron 
microscopy (SEM) and light microscopy subsequent to the experiment showed 
no protrusion of microcapsules or rupturing of the film surface. It was 
calculated that 67% of the reservoir material remained in the microcapsules
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after 60 days. Therefore, the concentration gradient between the 
microcapsules and the vinyl resin did not significantly change over the course 
of the release experiment.
Figure 3-11. 60 Day Release from VYHH Composite Coating: Incremental 
Flux vs. Time. Coating Contains 35% 161-Containing Microcapsules, By 
Weight. Microcapsule Preparation Standard 9.1:1 Gelatin/Polyphosphate, 
Formaldehyde Crosslinked (Burst points are eliminated from graph in order 








On the coating surface, no erosion or cracking was observed. It is dear from 
this experiment that composite microcapsule-based coatings are promising in 
biofouling applications.
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IV. General Conclusions
The goal of the work summarized here was to develop coatings which 
release candidate inhibitors at an effective rate (at least 1-5 pg cm-2 day-1) for at 
least 30 days. In general, dissolution of the inhibitors studied in either a non­
ablative vinyl coating or in a self-polishing coating was ineffective at 
achieving 30-day release at levels which are considered effective for further 
investigation. However, the results from the microencapsulation 
experiments and the study of the composite microcapsule/vinyl resin 
coatings hold promise to sustain release for extended periods of time at levels 
which are within the region considered effective for inhibition of settlement 
of biofouling organisms. In the VYHH composite coatings containing 161 
microcapsules, release rates ranged between 5.7 x 10-2 and 7.4 x 10-2 pmol-cm-2 
day-1 (9.5 to 12 (ig-cm-2-day-1) between days 25-61. Adjustment of vinyl film 
thickness or judicious choice of vinyl film used could allow for adjustment of 
release rates without altering the sustained release that is characteristic of 
these systems. One further advantage of microcapsule-based systems is the 
ability to combine different inhibitors in a single vinyl matrix that may allow 
these coatings to be toxic to a broader variety of fouling organisms, without 
being toxic to non-target organisms.
Several important aspects of this research have subsequently been 
investigated by the Polymer Research Group (PRG). The major aspects were 
1) establishing minimum or threshold levels for release of inhibitors
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necessary to prevent fouling by specific organisms,2t4 2 ) variation of 
microcapsule loading and the effect on release rates,2i5 and 3) preparation and 
study of two-component microcapsule-based composite coatings.2 1 6  jn the 
latter cases, coatings have been studied both in the laboratory and in field 
experiments with promising results. 217
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CHAPTER IV
EXPERIMENTAL SECTION: SYNTHESIS AND DYNAMIC STUDIES OF 
BIFUNCTIONAL COMPOUNDS HAVING POTENTIAL 
INTRAMOLECULAR INTERACTIONS
I. General Methods
Melting Points (mp) were recorded on a Thomas Hoover capillary melting 
point apparatus and are uncorrected.
Infrared Spectra (IR) were run on a Nicolet MX-1 FT-IR spectrometer. 
Absorptions are reported in wavenumbers (cm-i). ApKa Determinations of 
amino-urea 1 and hydroxy-carbonate 127 vs. t-BuOH were carried out on a 
Nicolet 520 FT-IR spectrometer equipped with an MCT-B nitrogen-cooled 
detector. Solution samples were held in a CaF2 sample holder; path length 
was 25 pm PTFE. All data collection and calculations were performed using 
OMNIC software v. 1.0 (Nicolet Corp. Windows-based software) on a Dell 
466/MX computer. Output was recorded on a Hewlett-Packard DeskWriter. 
*H NMR Spectra (*H NMR) were obtained on either a Varian EM-360A 
continuous wave spectrometer or a Bruker AM360 FT-NMR spectrometer
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operating at 360.134 MHz. Unless otherwise specified, chemical shifts (8) are
reported in parts per million (ppm) relative to Me4Si and coupling constants 
(J values) are in Hertz. For spectra acquired in D2O, either 1,4-dioxane or 
acetonitrile (MeCN) was used as internal reference. In these cases, chemical 
shifts are reported relative to 1,4-dioxane at 3.75 ppm or MeCN at 2.05 ppm. 
13C NMR Spectra (13C NMR) were obtained on either a Jeol FX-90Q FT-NMR 
spectrometer operating at 22.5 MHz or a Bruker AM360 FT-NMR
spectrometer operating at 90.556 MHz. Chemical shifts (8c) are reported in
parts per million (ppm) relative to internal Me4Si. For spectra acquired in 
D2 0 ,1,4-dioxane was used as internal reference. In these cases, chemical 
shifts are reported relative to 1,4-dioxane at 67.4 ppm.
Low Resolution Mass Spectra (MS) were obtained on a Hitachi-Perkin-Elmer 
RMU-60 mass spectrometer at the UNH University Instrumentation Center. 
CHN Analyses were obtained on a Perkin-Elmer 240B elemental analyzer at 
the UNH University Instrumentation Center.
Hydrogenations were run in a Parr Series 4500 medium pressure 
hydrogenation apparatus.
Monte Carlo Molecular Mechanics calculations were performed byusing 
Macromodel v. 4.5218 on a Silicon Graphics Indy Workstation running the 
Unix operating system.
Semi-Empirical and Ab Initio geometry optimization calculations were 
performed by using Spartan v. 3.0102 on a Silicon Graphics Indigo
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Workstation running the Unix operating system.
Dynamic NMR (DNMR1 Simulations for the two-site mutual exchange case 
of amino-urea 9 were performed by using NMREX,219 which utilizes the two- 
site exchange equation as expressed by Rogers and W o o d b rey .9 4  Calculations 
were performed on an IBM 486 DX2 compatible computer and spectra were 
printed on a Hewlett Packard Laser Jet 2 printer. Iterative bandshape 
calculations and four-site simulation spectra were performed by using a 
version of DNMR576 modified by D. Forsyth and M. Plante at Northeastern 
University. For iterations, the input consisted of experimental spectra 
translated into ASCII format by the program DISNMR (Bruker Instrument 
Co., Waltham, MA). Calculations were performed on an IBM 486 DX2 
compatible computer and spectra were printed on a Hewlett Packard Laser Jet 
2 printer.
II. Solvents
Acetone (reagent grade) obtained from Fisher Chemical Co. was used without 
further purification.
Acetone-ds was stored over 3 A molecular sieves and was used as obtained 
from Cambridge Isotope Labs.
Acetonitrile (MeCN-analytical grade) purchased from J.T. Baker Chemical Co. 
was used without further purfication.
Acetonitrile-ds (CD3CN) stored over 3 A molecular sieves was used as
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obtained from Cambridge Isotope Labs.
Ammonia (NH3) obtained from Cryodyne Technologies Inc. was passed 
through a solid BaO (97.5 % pure) trap prior to use to remove iron impurities. 
Dimethvlformamide (DMF) was distilled from CaH2 in vacuo and stored over 
3 A molecular sieves prior to use.
Dimethyl sulfoxide-d^ (DMSO-d6) was dried according to the method of 
Bordwell.220 The solvent was stored over 4 A molecular sieves for 10 days 
under a N2 atmosphere. To a 100-mL Schlenk flask containing sodium amide 
(1 g) and a few crystals of triphenylmethane (which was used as an indicator) 
was added the DMSO-d6 via cannula under N2 pressure. Upon addition of 
DMSO-d6, a red color was immediately observed. A distillation head was 
attached and the system was evacuated to <1 mmHg. The DMSO-d6 was 
distilled into a Schlenk receiver flask which was then purged with N2 for 
several minutes. All transfers of DMSO-d6 were done under N2.
1.4-Dioxane was distilled from CaH2 and stored over 3 A molecular sieves 
prior to use.
tert_-Bu_tyl_^ AlcQhQl (t-BuOH) obtained from Fisher Scientific Co. was used 
without further purification.
Cyclohexane (C6H12. analytical grade) purchased from J.T. Baker Chemical Co. 
was used without further purification.
Chloroform was used as obtained from Fisher Scientific Co.
Chloroform-dj (CDCI3) stored over 3 A molecular sieves was used as obtained
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from Cambridge Isotope Labs.
Deuterated Water (D2O) was used as obtained from Cambridge Isotope Labs. 
Diethyl ether (Et2 0 ) was freshly distilled from purple sodium benzophenone 
ketyl under a nitrogen atmosphere immediately prior to use.
Ethanol (absolute EtOH) was obtained from Aaper Alcohol and Chemical Co. 
and was used without further purification.
Ethyl Acetate (EtOAc) was distilled prior to use.
Ethylene Glycol was distilled at aspirator pressure prior to use.
Hexanes (C6H 14) were distilled from CaH2 and stored over 3 A molecular 
sieves prior to use.
Isopropvl alcohol (PriOH) was obtained from Fisher Scientific Co. and distilled 
prior to use.
Methanol (MeOH - analytical grade) was purchased from J. T. Baker Chemical 
Co. and was used without further purification.
Methylene Chloride (CH2CI2 - analytical grade) purchased from J. T. Baker 
Chemical Co. was used without further purification. Reagent grade CH2CI2 
was distilled from CaH2 and stored over 3 A molecular sieves.
Pyridine (py) was distilled from CaH2 and stored over molecular sieves. 
Tetrahvdrofuran (THF) was freshly distilled from purple sodium 
benzophenone ketyl under a nitrogen atmosphere immediately prior to use.
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HI. Column Chromatography Solid Supports
Alumina: 150 mesh activated, basic aluminum oxide powder "suitable for 
chromatography " was used as obtained from Aldrich Chemical Co.
Silica Gel: 60-200 mesh Baker Analyzed silica gel "suitable for column 
chromatography" was used as obtained from J.T. Baker.
Sea Sand (Washed) was obtained from Fisher Chemical Co.
IV. Reagents and Miscellaneous Chemicals
l.l'-Carbonvldiimidazole (N.N'-Carbonvldiimidazolel was obtained from 
Aldrich Chemical Co.
Celite (Diatomaceous Earth Powder) was obtained from VWR Scientific Co. 
Cesium Carbonate was obtained from Alfa Chemical Co.
Diethvlamine was obtained from Aldrich Chemical Co. and was distilled 
from CaH2 prior to use.
Dimethyl acetonedicarboxvlate ((MeC^CCH^CO) was obtained from Aldrich 
Chemical Co.
Hydrochloric Acid (12 M HC1) obtained from Fisher Scientific Co. was used 
without further purification.
Hvdroxvlamine hydrochloride obtained from Fisher Chemical Co was used 
without further purification.
4-Methyl-10-Qxo-1.4.7-triazabicvclof5.2.11decane (80) was prepared by Wang.6
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It was sublimed (120°C/0.1 mmHg) prior to use.
N-Methyl-NVMethylaminoethyD-Imidazolidin-2-one (9) was prepared by 
W a n g .6  It was kugelrohr distilled (80°C air bath temp/0.1 mmHg) prior to 
use.
Phloroglucinol Dihydrate (1,3,5-C6H3(0 H)3-2H2 0 ) was obtained from Aldrich 
Chemical Co and used without further purification.
Potassium Carbonate (K2CO3) obtained from Fisher Chemical Co.
Potassium tert-Butoxide (t-BuOK) obtained from Callery Chemical Co. was 
sublimed at 150°C/0.1 mmHg immediately prior to use. All transfers of t- 
BuOK were done in a dry bag under N2.
5% Rhodium on Alumina (Rh/Al2C>3) was obtained from Aldrich Chemical 
Co.
Sodium (Na°) was stored under mineral oil and washed with hexanes prior 
to use.
Sodium Bicarbonate (NaHCOs) was obtained from Fisher Chemical Co. 
Sodium Hydride (NaH) was obtained from Aldrich Chemical Co. as a 57% 
dispersion in mineral oil.
Sodium Sulfate (Na2S0 4 , anhydrous) was obtained from Fisher Chemical Co. 
Sodium Borohvdride (NaBH^ was obtained from Aldrich Chemical Co.
97% Sulfuric Acid (H2SO4) obtained from Fisher Scientific Co. was used 
without further purification.
Tetramethvlurea obtained from Aldrich Chemical Co. was distilled prior to
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use.
p-Toluenesulfonvl Chloride (p-TsCl) was obtained from Fluka Chemical Co. 
and was used without further purification.
Trifluoroacetic Acid (CF3COOH) obtained Aldrich Chemical Co. was distilled 
from 5% trifluoroacetic anhydride prior to use.
Triphenylmethane (Ph3CH) was obtained from Aldrich Chemical Co.
V. Synthesis
1.2-Ethanediol-bis(4-methylbenzenesulfonate1 (651
Compound 65 was prepared by a modification of the method of 
M cA u ley 2 2 i, also described by V a ch o n .222 To a solution of ethylene glycol 
(49.4 g, 0.796 mol) and pyridine (196 g, 2.48 mol) in CH2CI2 cooled over an ice 
bath was added dropwise a cooled solution of p-toluenesulfonyl chloride 
(315.4 g, 1.65 mol) in CH2CI2 (300 mL) over a 2-h period at 4°C under N2. The 
solution was then stored in a sealed flask in a refrigerator at 4°C for 3 days, 
after which time the reaction mixture was added to a mixture of crushed ice 
and 10% aq. HC1 (300 mL). The organic phase was separated and dried over 
anhydrous Na2SC>4 and the solvent was removed under reduced pressure. 
The crude product was recrystallized from acetone to yield a white crystalline 
product (122.4 g, 42%): mp 124-125°C. (Lit.221 mp 123-125°C). The *H NMR
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spectrum was consistent with a literature rep ort .221
4-Methyl-N.N-bisr2-r(4-methylphenynsulfonyHaminoethyllbenzene- 
sulfonamide (64)
To a mechanically stirred solution of NaOH (21.35 g, 0.534 mol) and 
diethylenetriamine (18 g, 0.18 mol) in H2O (250 mL) was added a solution of 
p-toluenesulfonyl chloride (102.11 g, 0.525 mol) in Et2 0  (500 mL) dropwise 
over 2 h. Upon precipitation of white solid, additional H2O (200 mL) was 
added and the reaction mixture was vigorously stirred for 1.5 h. The pH of 
the solution was then adjusted with 0.012 M HC1 to pH = 3 after which time 
the solution was stirred an additional 0.5 h. The precipitate was collected by 
suction filtration and washed successively with H2O and Et2 0 . The crude 
material was recrystallized from methanol to produce white solid (68.04 g, 
69%): mp 177-178°C (Lit 68mp 177-178°C ). The NMR spectra were consistent 
with the literature reports.68
Octahydro-1.4.7-trislY4-methylphenyPsulfonyP-lH-1.4.7-triazonine CN.N'.N"- 
Tri-p-toluenesulfonyl-1.4.7-triazacyclononanel (66).
Compound 66 was prepared according to the procedure of Gronbeck.223 
A solution of CS2CO3 (60.2 g, 0.186 mol) in dry DMF (1.75 L) was prepared and 
stirred for 30 min at room temperature under N2. To this solution was added 
4-methyl-N,N-bis[2-[(4-methylphenyl)sulfonyl]aminoethyl]benzene-
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sulfonamide (63) (33.10 g, 89.4 mmol) and the solution was stirred for 1 h at 
100°C under N2. With continued heating of the reaction mixture, a solution 
of l,2-ethanediol-bis(4-methylbenzenesulfonate) (65) (50.54 g, 89.3 mmol) in 
dry DMF (750 mL) was added dropwise over a 2-h period. The reaction 
mixture was then allowed to cool and stirred for 18 h at room temperature, at 
which time the crude product was precipitated by dilution of the reaction 
mixture with H2O (6.5 L). The precipitate was collected by suction filtration 
and washed with H2O. Residual DMF was removed from the product by 
redissolving the crude product in CH2CI2 (500 mL) and extracting the organic 
phase with H2O (3 x 500 mL). The organic phase was dried over anhydrous 
Na2SC>4 and the solvent was evaporated. The crude, waxy yellow solid was 
recrystallized from CHCl3/EtOH (1:4) to produce white solid (36.75 g, 70%): 
mp 218-220° (Lit.67a mp 222-223°C). The 1H and 13C NMR spectra were 
consistent with literature reports.289
Octahvdro-lH-1.4.7-Triazonine (1.4.7-Triazacvclononane'l (51
Compound 5 was prepared by the general method of R aym ond.69 
N,N',N"-Tri-p-toluenesulfonyl-l,4,7-triazacyclononane (66) (15.65 g, 26.4 
mmol) was heated with 97% H2SO4 (100 mL) for 72 hours at 100°C under N2. 
Absolute ethanol (125 mL) was then added dropwise with cooling in order to 
maintain the temperature of the reaction mixture below 10°C. Dry Et2 0  (200 
mL) was then added with stirring and cooling. The precipitate which formed
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was collected by suction filtration under N2 and dissolved in H2O (100 mL). 
The resulting solution was adjusted to pH=14 (NaOH pellets) and extracted 
with CHCI3 (5 x 50 mL). The organic extracts were combined and dried over 
Na2SC>4 and solvent was evaporated. The crude product was purified by 
kugelrohr distillation (100°C air bath temp/0.03 mmHg) to produce white 
solid product (1.844 g, 54%). The 3H and 13C NMR were consistent with the 
literature spectra.224
1.4.7-Triaza-10-oxobicyclor5.2.11decane Cl')
Compound 1 was prepared by the method of W a n g .6  To a refluxing 
solution of 1,4/7-triazacyclononane (2.40 g, 18.6 mmol) in dry THF (250 mL) 
was added a solution of l,l'-carbonyldiimidazole (3.60 g, 22.2 mmol) in dry 
THF (100 mL) dropwise over a 1-h period. The mixture was refluxed for an 
additional 4 h under N2 and THF was then removed under reduced pressure. 
The mixture of product (Rf = 0.30) and imidazole (Rf = 0.15) was separated by 
column chromatography on basic alumina with 2% EtOH/CH2Cl2 as eluent. 
The product obtained via column chromatography was further purified by 
sublimation (70°C/0.01 mmHg) to produce white crystalline solid 1 (1.85 g, 
64%): mp 104-106°C; 3H and 13C NMR spectra were consistent with those 
reported by W an g.6
4-Methyl-N.N-bisf2-nY4-methylphenvl')sulfonvnoxylethyllbenzene-
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sulfonamide (N.O.O'-Tris-(p-toluenesulfonylVdiethanolamine) (70)
Compound 70 was prepared by the method of Parker and coworkers.70 
A solution of diethanolamine (69) (17.60 g, 0.168 mol) in dry pyridine (80 mL) 
was prepared and cooled to 0°C. To this solution was added p- 
toluenesulfonyl chloride (95.80 g, 0.503 mol) in CH2CI2 (1 L) dropwise over 0.5 
h under N2. The mixture was then stored in a sealed flask in a refrigerator at 
4°C for 48 h. The mixture was then poured slowly onto ice (600 g) with 
stirring and the ice was allowed to melt, the organic phase was separated, and 
the aqueous phase was extracted with CH2CI2 (3 x 150 mL). The combined 
organic phases were washed successively with water (3 x 250 mL), 6 N HC1 (3 x 
250 mL), and brine (1 x 400 mL). The organic phase was dried over Na2SC>4 
and CH2CI2 was removed under reduced pressure. The resulting oil was 
triturated with EtOH to give a yellow solid. The crude material was 
recrystallized from EtOH/toluene (5:1) to produce white solid (32.14 g, 34%): 
mp 97-99°C (Lit.70 mp 96-97°C); 1H NMR (360 MHz, CDCI3) 8 2.42 (s, 3H), 2.45
(s, 6H), 3.37 (t, J = 6.0 Hz, 4H), 4.12 (t, J = 6.0 Hz, 4H), 7.27-7.30 (AA' of AA'XX', 
2H), 7.34-7.37 (AA' of AA'XX', 2H), 7.59-7.62 (XX' of AA'XX', 2H), 7.72-7.76 (XX' 
of AA'XX', 2H); l°C NMR (90.56 MHz, CDCI3) 8C 21.45,21.59,48.36, 68.21,
127.15,127.87,129.89,129.96,132.27,135.13,144.09,145.16. These spectra were 
consistent with literature reports.70 In the original reference to this 
compound the authors incorrectly report the mp to be 65-67°C.225
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N.N'.N".N'"-Tetra-p-toluenesulfonyl-1.4.7.10-tetraazacyclododecane (71).
Compound 71 was prepared by the Kellogg CS2CO3 modification66^  of 
the general method of Richman and Atkins.67 To a solution of 4-methyl- 
N,N-bis [2-[(4-methylphenyl)sulfonyl] aminoethyl]benzenesulfonamide (64) 
(50.4 g, 89.0 mmol) in dry DMF (600 mL) was added CS2CO3 (58.65 g, 0.180 
mol). The solution was then stirred for 1 h at 100°C under N2. With 
continued heating of the reaction mixture, a solution of 4-methyl-N,N-bis[2- 
[[(4-methylphenyl)sulfonyl]oxy]ethyl]benzenesulfonamide (70) (50.5 g, 89.0 
mmol) in dry DMF (290 mL) was added dropwise over a 2 h period. The 
reaction mixture was then allowed to cool and stirred for 36 h at room 
temperature, at which time the crude product was precipitated by dilution of 
the reaction mixture with H 2O (2.2 L). The precipitate was collected by suction 
filtration and washed with H2O. The crude material was purified by 
trituration with acetone (1 L) to produce white solid (46.77 g, 67%): mp 292-
295°C. (Lit. mp66 292°C); 1H NMR (360 MHz, CDCI3) 8 2.44 (s, 12H), 3.43 (broad 
s, 16H; dynamically broadened), 7.31-7.37 (AA' of AA'XX', 8H), 7.69-7.75 (XX' of 
AA'XX', 8H); 13C NMR (90.56 MHz, CDCI3) 8c 21.52, 52.31,127.69,129.86,
143.93.
1.4,7.10-Tetraazacyclododecane (Cyclen) (67)
Compound 67 was prepared by the general method of Raymond.6? 
N,N',N"N'"-Tetra-p-toluenesulfonyl-l,4,7,10-tetraazacyclodedecane (36.68 g,
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46.5 mmol) was heated with 97% H2SO4 (180 mL) for 72 hours at 100°C under 
N2. Absolute ethanol (300 mL) was then added dropwise with cooling in 
order to maintain the temperature of reaction mixture below 10°C. Dry Et2 0  
(600 mL) was then added with stirring and cooling. The precipitate was 
collected by suction filtration under N2 and then dissolved in a minimum 
volume of H2O. The resulting solution was adjusted to pH=14 (NaOH 
pellets) and extracted with CHCI3 (8 x 40 mL). The organic phases were 
combined and dried over Na2SC>4 and solvent was evaporated. The crude 
product was purified by sublimation (60°C/0.05 mmHg) to yield white 
crystalline solid (5.62 g, 70%): mp 110-113°C (Lit.228 mp 113-115°C). The 1H 
and i3C NMR spectra were consistent with literature reports.
1.4.7.10-Tetraaza-13-oxobicyclor8.2.11tridecane (101
To a solution of 1,4,7,10-tetraazacyclododecane (754.8 mg, 4.38 mmol) in 
dry acetonitrile (100 mL) was added a solution of l,l'-carbonyldiimidazole 
(854.1 mg, 5.26 mmol) in dry MeCN (100 mL) dropwise over a 2-h period.
After the mixture was stirred for 16 h at room temperature under N2, the 
acetonitrile was removed under reduced pressure. Imidazole was removed 
from the product mixture by kugelrohr distillation (80° C air bath temp/0.03 
mmHg). The mixture of product 10 (Rf = 0.10) and anti-1,4,7,10-tetraaza-13,14- 
dioxotricyclo[8.2.1 .l4-7] tetradecane (Rf = 0.70) was separated by column 
chromatography on alumina with 2% EtOH/CH2Cl2 as eluent. The product
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obtained from column chromatography was further purified by sublimation 
(110° C/0.1 mmHg) to produce white crystalline solid 10 (269.4 mg, 31%): mp
80-82° C; 1H NMR (360 MHz, CDCI3) 8 1.93 (s, 2H, N H ), 2.46-2.52 (AA' of 
AA'XX', 2H), 2.74-2.87 (m, 6H), 3.04 (ddd, J =14.7,7.7,4.4 Hz, 2H), 3.48-3.53 (AA' 
of AA'BB', 2H), 3.56-3.61 (BB' of AA'BB', 2H), 3.92 (ddd, J = 15.2,11.3,4.6 Hz, 
2H); 13C NMR (90.56 MHz, CDCI3) 8C 41.73,44.54,45.51,49.30,165.86; m NMR
(360 MHz, D2O, MeCN secondary reference set at 2.05 ppm) 8 2.45-2.52 (BB' of 
AA'BB', 2H), 2.64-2.70 (AA' of AA'BB', 2H), 2.79-2.95 (m, 6H), 3.68-3.76 (m, 2H), 
3.63-3.69 (m, 4H); 13C NMR (90.56 MHz, D2 0 ,1,4-dioxane secondary reference 
set at 67.4 ppm) 8C 41.60,44.35,45.64,48.45,168.04; IR (KBr): 3332,2910,1680 
cm-i; MS m /z  198 (M+). Anal Calcd. for C9H18N4O: C, 54.52; H, 9.15; N, 28.26. 
Found: C, 54.33; H, 9.30; N, 28.25.
1 ,3.5-Cyclohexanetrione trioxime (1231.
Compound 123 was prepared according to the method of Baeyer.229 in 
a 2 L round bottomed flask, phloroglucinol dihydrate (20.2 g, 0.125 mol) was 
dissolved in H2O (750 mL), with warming to 50°C to aid dissolution. After 
the solution was cooled to ambient temperature, hydroxylamine 
hydrochloride (26.0 g, 0.374 mol) was added. A solution of K2CO3 (25.4 g, 0.188 
mol) in H2O (100 mL) was then added in 20-mL aliquots with evolution of 
CO2. After gas evolution had ceased, the flask was tightly stoppered and
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stored in a freezer at 0°C for 7 days, during which time the crude product 
precipitated. The crude product was collected by vacuum filtration and the 
residual solvent was removed under reduced pressure to yield 16.4 g of gray 
solid. This was used without further purification for the subsequent 
reduction reaction. The melting point of a sample of product was consistent 
with the literature melting point: m.p. 135-140°C (decomposition), 155° C 
(explodes) (Lit m .p.229 (decomposition point) 140°C, 155°C explodes); !H NMR
(360 MHz, DMSO-d6) 8 3.06 (s, 2H), 3.26 (s, 2H), 3.32 (s, 1H), 3.34 (s, 1H), 3.42 (s,
2H), 10.73 (s, 1H), 10.76 (s, 1H), 10.82 (s, 1H); 13C NMR (90.56 MHz, DMSO-d6)
8C 24.80, 29.94,30.54,35.51, 150.12,150.23, 150.77. The 1H and 13C NMR
indicated the presence of two isomers of 123 plus residual water. A single 
peak at 2.91 ppm in the tH NMR could not be identified. The product can be 
recrystallized by Soxhlet extraction with acetone under an N2 atmosphere. 
Compound 123 is obtained as a white solid in the acetone solution.
1.3.5-Cvclohexanetriamine Isomeric Mixture (1191
Cyclohexanetriamine (la,3a ,5a- and l a  ,3a ,5P-119) was prepared 
according to the Z om pa230 variation of the method of Lions and M a rtin . 126 
Gaseous ammonia was passed through a BaO trap into a dry ice condenser 
prior to procedure in order to redistill the ammonia and remove any iron 
impurities. In a 2-L, 3-necked round bottom flask equipped with an overhead
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mechanical stirrer, crude 1,3,5-cyclohexanetrione trioxime (14.8 g) was 
dissolved in liquid NH3 (900 mL). Absolute EtOH (140 mL) was added 
dropwise over 1 hour at -78°C, followed by thinly sliced sodium (35 g, 1.5 mol) 
which was added with stirring over a 30-minute period. (Sodium was 
washed in hexanes and dried under a stream of N2 immediately prior to 
addition.) The reaction mixture was allowed to warm overnight with 
continued stirring in order to allow NH3 to evaporate. Distilled water (50 
mL) was added dropwise (caution!) and the dark aqueous mixture was made 
strongly basic with sodium hydroxide pellets. Solids were removed by 
filtration and the filtrate was continuously extracted with Et2 0  for 96 h. The 
organic extract was dried over anhydrous Na2SC>4, and the solvent was 
removed by rotary evaporation to give a residual oil which was vacuum 
distilled. The product diastereomeric mixture distilled as a colorless oil (1.863 
g, 14.40 mmol), bp 70-90°C (0.25 mmHg). Overall yield from phloroglucinol 
dihydrate was 13%. 1H NMR (360 MHz, CDCI3) 8 0.80-0.90 (dt, J = 12.1,11.5 Hz,
3H, la ,3a  ,5a-119), 0.87-0.99 (dt, J = 12.2,10.5 Hz, 1H ,), 1.21-1.30 (m, 2H, la,3a
,5(3-119), 1.68-1.74 (dm, J = 15.5 Hz, 2H, la ,3a  ,5P-119), 1.95-2.01 (overlapping m,
4H, mixture of la ,3a  ,5a- and la ,3a  ,5p-119), 2.75 (tt, J = 11.5,3.7 Hz, 3H, la ,3a
,5a-119), 3.14 (tt, J = 10.6,3.7 Hz, 3H, la^a,5p-119), 3.43 (tt, J = 3.6,3.6 Hz, 1H,
la ,3a  ,5p-119); 13C NMR (90.56 MHz, CDCI3) 8c 42.49,44.01,45.30,45.95,46.20,
47.16. Ratio of la ,3a  ,5p: la ,3 a  ,5a = 3.35:1. The 1H and i3C spectra of a
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sample of the mixture of isomers was consistent with literature reports.231 
The NMR assignments of la ,3a  ,5a-119 and la ,3 a  ,5(5-119 were made on 
the basis of the literature report by Levy.231
(la.3a.5a)-Cyclohexanetriamine (la.3a.5a-119l.
The mixture of la ,3 a  ,5a- and la ,3a  ,5(3-cyclohexanetriamine was 
separated by the method of Wentworth.122 To a solution of 
cyclohexanetriamine (868.5 mg, 6.73 mmol, diastereomeric mixture 3.35:1 
(la,3a,5(5)-: (la,3a,5a)-119) in H2O (10 mL) was added Ni(N0 3 )2-6H2 0  (492.1 
mg, 1.68 mmol) in H2O (5 mL). The solution was stirred for 1 h, during 
which time a pink crystalline solid , which was (cis,cis-119)2Ni(NC>3)2-2H20 
(125), appeared. The solid was collected and dried (414.6 mg). To the solid was 
added 12 M HC1 (10 mL), which dissolved the material with concommitant 
precipitation of a yellow-white solid product. The crude product was 
recrystallized from hot conc. HC1 to a white solid (194.2 mg, 53% of theoretical 
yield of la ,3a  ,5a-119-3HCl based on 3.35:1 diastereomeric ratio), which was 
the trihydrochloride salt of la ,3a  ,5a-119. tH NMR (360 MHz, D2O, 
referenced to D2O resonance at 4.67 ppm) 8 1.51 (q, J = 12 Hz, 3H, axial CH2),
2.30-2.35 (dm, J = 12Hz, 3H, equatorial CH2), 3.33-3.40 (tm, J = 12 Hz, 3H, axial 
CH). This spectrum was consistent with the tH  NMR spectrum of the 
trihydrochloride salt reported by Fleischer.232
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N.N/.N"-Tribenzylidene-l«.3a .5a-cyclohexanetriamine (120V
Compound 120 was prepared by the method of Stetter and B rem en.125  
To a stirred solution of la ,3 a  ,5a-119-3HCl (1.395 g, 5.848 mmol) in H2O (10
mL) was added NaOH (800 mg, 20 mmol). To this was added a solution of 
freshly distilled benzaldehyde (1.88 mg, 17.7 mmol) in Et2 0  (15 mL) in one 
portion. The two-phase reaction mixture was vigorously stirred under N2 for 
72 h. Following this time, the layers were separated and the aqueous layer 
was extracted with ether (5 x 20 mL). The organic layers were combined and 
dried over Na2S0 4 . After removal of the solvent under reduced pressure, the 
yellow oil was kugelrohr distilled (80°C air bath temp/0.5 mmHg) to remove 
any residual benzaldehyde. The crude product was shown to be pure by NMR 
and was used in subsequent reduction without any further purification 
(1.5014 g, 65%): 1H NMR (360 MHz, CDCI3) 8 1.95 (dm, J = 12.3 Hz, 3H), 2.10 (q, 
J = 11.9,3H), 3.61 (tt, J = 11.4,3.8 Hz, 3H), 7.40 (m, 9H), 7.65 (m, 6H), 8.33 (s, 3H); 
13C NMR (90.56 MHz, CDCI3) 8C 40.89,66.33,128.10,128.50,130.456,136.36, 
159.34.
N.N'.N"-Tribenzyl-la.3a .5a-cyclohexanetriamine 11161.
Compound 116 was prepared according to the method of Stetter and 
B re m e n .t2 5  To a solution of N,N',N"-tribenzylidene-la,3a ,5a-triamino- 
cyclohexane (808.3 mg, 2.054 mmol) in MeOH (10 mL) was added NaBHj
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(160.1 mg, 4.231 mmol) over a 30-min period. The reaction mixture was then 
stirred for an additional 30 min at room temperature and then refluxed for 2 
h; 5 mL MeOH was then removed by distillation and H2O was added with 
phase separation. The phases were separated and the aqueous phase was 
extracted with Et2 0  (6 x 20 mL). The organic phases were combined, dried 
over anhyd. Na2SC>4 and ether was removed under reduced pressure. The 
resulting yellow oil solidified to an oily, white solid on standing (808.9 mg,
95%); 1H NMR (360 MHz, CDCI3) 81.00 (q, J = 11.2,3H), 2.20-2.30 (dm, J = 11.6
Hz, 3H), 1.5-2.0 (broad s, 3H, amine NH), 2.56 (tt, J = 11.6,3.3 Hz, 3H), 3.31 (s,
3H), 7.21-7.38 (m, 15 H); 13C NMR (90.56 MHz, CDCI3) 8C 40.21,50.97,53.18,
126.90,128.02,128.40,140.31.
W-7 Raney Nickel
W-7 Raney Nickel was prepared according to the method of A dkins.233  
To a solution of NaOH (32.04 g, 0.801 mol) in H2O (120 mL) was added Ni-Al 
alloy (12.14 g) over a 1-h period. After H2 evolution had ceased, the aqueous 
solution was decanted and the solid was washed with H2O (8 x 200 mL) until 
the washings were pH=7. The porous solid was washed with 95% EtOH (3 x 
50 mL), and finally with absolute EtOH (3 x 50 mL). It was stored in the 
refrigerator under absolute EtOH at 4°C for 30 days before decomposition. The 
catalyst was decomposed by stirring in 3M aq. HG1.
300
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
la .3«  .5a-cyclohexanetriol (128)
la ,3 a  ,5a-cyclohexanetriol (128) was prepared according to the method 
of Steinacker and Stetter234, also described by Peabody.235 To a solution of 
phloroglucinol dihydrate (51.37 g, 0.407 mol) in absolute EtOH (500 mL) was 
added W-7 Raney Nickel catalyst (8.43 g) in a 1-L glass liner. The liner was 
then placed in a Parr medium pressure hydrogenation apparatus and sealed. 
The apparatus was then evacuated 3x (aspirator pressure) and flushed with 
N2. The apparatus was then evacuated again and filled with H2 (pre-purified 
grade) to 540 psi. Over a 10-day period, the flask was recharged 3 times to 540 
psi. After stirring under H2 pressure for 10 days, the apparatus was evacuated 
3x (aspirator pressure) and flushed with N2. The apparatus was then opened 
to the atomosphere. The flask was removed from the hydrogenation 
apparatus and the catalyst was removed by filtering the solution through 
celite. Approximately one-half of the EtOH was removed under reduced 
pressure and the solution was placed in a refrigerator at 4°C for 1 week, 
during which time crude product crystallized. The crude product was 
recrystallized from EtOH to a white crystalline solid (18.13 g, 34%): mp 187- 
188°C (Lit.97 mp 187-188°C); 1H NMR (360 MHz, D20 , dioxane internal 
reference set at 3.75 ppm) 8 1.21 (q, J = 11.5 Hz, 3H), 2.19-2.22 (dm, J = 11.5 Hz, 
3H), 3.68 (tt, J = 11.5,4.2 Hz); 13C NMR (90.56 MHz, D20 , dioxane internal 
reference set at 67.4 ppm) 8c 44.38,68.91.
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3-Ethoxy-2.4.10-trioxatetracyclof3.3.1.11Z1decane (150)
To a solution of la ,3 a  ,5a-cyclohexanetriol (128) (547.6 mg, 4.14 mmol) 
in dry dioxane (10 mL) was added tetraethyl orthocarbonate (870 pL, 795 mg, 
4.14 mmol). p-Toluenesulfonic acid monohydrate (82.0 mg, 0.431 mmol) was 
added to catalyze the reaction. The mixture was refluxed for 16 hours under 
N 2. Dioxane was then removed under reduced pressure. The residue was 
dissolved in CH2CI2 (10 mL) and extracted with 5% aq. NaHCC>3 (2 x 10 mL). 
The combined aqueous layers were then back extracted with CH2CI2 (5 x 20 
mL). The combined organic layers were dried over anhyd Na2SC>4 and the 
solvent was removed by rotary evaporation. The crude product was 
recrystallized from hexanes to yield white solid (412.4 mg, 54%) which was 
further purified by sublimation (80° C/0.05 mmHg): mp 105-106° C. 1H NMR 
(360 MHz, CDCI3) 8 1.24 (t, J = 7.2 Hz, 3H, -OCH2CH3),1.63-1.74 (dm, J = 14.5 Hz, 
3H, axial cyclohexyl H), 2.49-2.62 (dm, J = 14.5 Hz, 3H, equatorial cyclohexyl H), 
3.89 (q, J = 7.2 Hz, 2H, -OCH2CH3), 4.59 (m, 3H, CH-O); 13C NMR (90.56 MHz,
CDCI3) 8c 15.14,32.07,59.40, 71.30,113.61; IR (KBr): 1126 cm-l (C-O); MS m /z 
186 (M+). Anal. Calcd for C9H14O4: C, 58.05; H, 7.58. Found: C, 58.04; H, 7.53.
Endo-7-hydroxy-2.4-dioxa-3-oxobicyclor3.3.11nonane (127)
3-Ethoxy-2,4,10-trioxatetracyclo[3.3.1.13,7]decane (150) (522.2 mg, 2.804 
mmol) was dissolved in 0.01 M aq. HC1 (25 mL). The solution was stirred for
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2 h and then extracted with CH2CI2 (5 x 20 mL). The combined organic layers 
were dried over anhyd Na2SC>4 and the solvent was then evaporated to give 
an oily, light yellow solid (72.4 mg). The product was recrystallized from 1:1 
EtOH/hexanes to yield a white crystalline solid (68.6 mg, 17%): mp 235-236° C. 
1H NMR (360 MHz, D2O, CH3CN secondary reference set at 2.05 ppm) 8 1.92- 
2.11 (overlapping m, 3H), 2.28-2.47 (overlapping m, 3H), 4.28-4.37 (m, 1H), 
4.89-4.98 (m, 2H); 13C NMR (90.56 MHz, D2O, dioxane internal reference at
67.4 ppm) 8 c 27.76,35.86,64.51,75.91,153.79; 1H NMR (360 MHz, CD3CN) 8 
1.80-1.91 (m, 3H), 2.17-2.35 (m, 3H), 2.91 (d, J = 2.6 Hz, 1H, -OH), 4.13-4.20 (m, 
1H), 4.68-4.75 (m, 2H); 13C NMR (90.56 MHz, CD3CN) 8C 28.38,36.93, 64.18, 
74.14,149.60; IR (KBr): 1701 cm-i (C=0); MS m /z  159 (Cl). Anal. Calcd for 
C7H10O4: C, 53.16; H, 6.37. Found: C, 53.02; H, 6.72.
Dimethyl 2.4-Dihydroxy-6-f2-methoxy-2-oxoethylV1.3-benzenedicarboxylate 
OM)
Compound 154 was prepared according to the method of Theilacker 
and S chm id .236  A mixture of dimethyl acetonedicarboxylate 
((Me0 2 CCH2)2C0  -153) (50.0 g, 0.287 mol) and finely divided sodium metal 
(0.5 g, 0.02 mol) was heated in the absence of added solvent to 140°C for 2 h. 
The solution was then cooled and several drops were spread on an unglazed 
clay plate to induce crystallization. The seed crystals were then added to the
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yellow solution, which resulted in crystallization of the crude product. The 
crude yellow solid was washed with Me0 H /H 2 0  (1:1) to remove sodium salts 
and then recrystallized from MeOH to produce white crystalline solid (7.58 g, 
18%): mp 142-143°C ( L i t .2 3 6  mp 144-145°C); 1H NMR (360 MHz, C6D6) 8 3.26 (s, 
3H), 3.29 (s, 3H), 3.38 (s, 3H), 3.46 (s, 2H), 6.28 (s, 1H), 12.51 (s, 1H), 13.22 (s, 1H); 
13C NMR (90.56 MHz, C6D6) 8C 42.81,51.31,51.43,52.08,101.55,105.39,113.81, 
144.03,166.76,167.50,170.29,171.30,171.61.
3.5-Pihydroxyphenylacetic acid (155).
Compound 155 was prepared according to the method of Theilacker 
and Schm id .236 To aqueous 3M NaOH (60 mL) was added dimethyl 2,4- 
dihydroxy-6-(2-methoxy-2-oxoethyl)-l,3-benzenedicarboxylate (154) (10.44 g, 
35.0 mmol). The solution was refluxed for 30 min, after which time the pH 
was adjusted to 5 with H2SO4 (with evolution of CO2). After evaporation of 
30 mL H2O from the solution, the residue was cooled to precipitate Na2SC>4. 
The precipitate was removed by filtration and the solution was extracted with 
Et2 0  (4 x 50 mL). The combined organic layers were dried over anhyd. 
Na2SC>4 and the solvent was evaporated. The crude yellow solid was used 
without further purification (4.65 g, 80%): 1H NMR (360 MHz, (acetone-d6) 8 
3.43 (s, 2H), 6.24-6.30 (m, 2H), 8.17 (br s, 2H, phenolic OH); 13C NMR (90.56 
MHz, ((CD3)2CO) 8c 41.39,101.90,108.66,137.69,159.28,172.76.
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Methyl 3.5-Dihydroxyphenvlacetate (156)
Compound 156 was prepared according to the method of Theilacker 
and Schmid.236 To a solution of 3,5-dihydroxyphenylacetic acid (4.65 g, 27.7 
mmol) in MeOH (60 mL) was added 12 M HC1 (5 drops). The solution was 
stirred for 16 h under N2. The solvent was then evaporated to yield a yellow 
solid which was recrystallized from CHCI3 (400 mL) to a white crystalline 
solid (4.975 g, 99%): mp 110-111°C (Lit.236 mp 110-111); 1H NMR (360 MHz,
acetone-d6) 8 3.50 (s, 2H), 3.62 (s, 3H), 6.28-6.29 (m, 3H), 8.20 (s, 2H, phenolic
O H ); ISC NMR (90.56 MHz, acetone-d6) 8C 41 .35 ,51 .91 ,101 .99 ,108 .57 ,137 .37 ,
159.30,172.14.
Methyl 3.5-Dihydroxycyclohexaneacetate (152 - mixture of isomers')
Compound 152 was prepared by the method reported by Kirby.232 The 
hydrogenation procedure was carried out in a glass apparatus designed for the 
exclusion of O2 and for measurement of H2 uptake with maintenance of 
constant pressure. 5% RI1/AI2O3 catalyst (2.49 g) and dry t-BuOH (25 mL) were 
added to a 50-mL hydrogenation flask which was connected to the 
hydrogenation apparatus. The system was evacuated (by means of a water 
aspirator) and flushed with N2 three times. After another evacuation, the 
system was filled with H2 (pre-purified grade). The mixture of catalyst and t- 
BuOH was equilibrated under H2 (25°C, 758 mmHg) for 1 hour. A solution of 
methyl 3,5-dihydroxyphenylacetate (2.5269 g, 14.8 mmol) in t-BuOH (5 mL)
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was then added and the mixture was stirred at room temperature under H2 
for 72 h. Throughout this time, the internal system pressure was adjusted to 
maintain atomospheric pressure within the apparatus. The hydrogenation 
was stopped after theoretical uptake of H2 was achieved. The mixture was 
filtered through Celite, the catalyst washed with EtOAc (3x10 mL) and the 
combined filtrate washings were evaporated to dryness. Residual t-BuOH was 
removed by azeotropic distillation with heptane (2 x 40 mL). The 
diastereomeric products were separated by flash chromatography through 
silica (150 g) with Et0 H /E t2 0  (1:50) as eluent. From the chromatographic 
separation, two isolates were obtained. The first isolate (Rf = 0.43) was a clear 
oil which crystallized on standing. This was recrystallized from Et2 0  to a 
white crystalline solid, which was identified by iH-JH COSY to be methyl 
(ip,3a,5a)-3,5-dihydroxycyclohexaneacetate (513.3 mg, 18%); mp 99-100°C; 1H
NMR (360 MHz, CDCI3) 51.29 (ddd, J = 14.4,11.4,2.4 Hz, 2H), 1.56 (dt, J = 12.0,
3.1,1H), 1.92-1.97 (dm, J = 11.4,2H), 2.04 (dt, J = 12.3,2Hz, 1H), 2.26 (d, J = 7 Hz, 
2H), 2.63 (m, 1H), 3.25 (d, J = 6.0 Hz, 2H, hydroxy OH's), 3.68 (s, 3H), 4.17 (m,
2H); 13C NMR (90.56 MHz, CDCI3) 8C 23.08,36.60,38.98,40.94,51.52,67.42,
173.13. This compound was previously misidentified by Kirby to be an
enantiomeric mixture of methyl-la,3P,5a- and methyl-la,3a,5p-
dihydroxycyclohexaneacetate. The second isolate (Rf = 0.23) was an oil, which
was identified by 1H and 13C NMR to be a mixture of (la,3a,5a)-, (la,3p,5a)-,
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and (1 p,3ot,5a)-methyl 3,5-dihydroxycyclohexaneacetate which we were 
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To a solution of l,4/7-triaza-10-oxobicyclo[5.2.1]decane (30.5 mg, 0.197 
mmol) in dry Et20  (25 mL) was added trifluoroacetic acid (0.5 mL) under N2. 
The reaction mixture was stirred for 5 min under N2. After allowing the 
precipitated solid to settle, the solvent was removed via pipette and the solid 
material was washed repeatedly with dry Et20  (3 x 10 mL). The white solid 
product was then dried under vacuum (50.4 mg, 95%): mp 133-134° C; IR 
(KBr) 3023, 2931, 2853, 2699, 2544, 2446,1715,1666,1581,1456,1202,1173,1131, 
801,716 cm-i: Anal. Calcd for C9H14F3N3O3: C, 40.15; H, 5.24; N, 15.61. Found: 
C, 40.07; H, 5.23; N, 15.60.
VI. Physical Organic Methods
1H and 12C NMR Kinetics Experiments in CD^CN
A desired amount of the bifunctional compound, either l,4,7-triaza-10- 
oxobicyclo[5.2.1]decane (1) or endo-7-hydroxy-2,4-dioxa-3-oxobicyclo-
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[3.3.1]nonane (127) was weighed into a 1-dram vial and dissolved in CD3CN. 
The solution was then transferred into a Wilmad #528-PP 5 mm NMR tube. 
The volume of solution in the NMR tube was determined by visual 
comparison to a known volume of solvent placed (via a Drummond 500 pL 
pipet) into an identical NMR tube. The sample tube was then sealed with a 
teflon cap and *H and 13C NMR spectra were acquired. After the spectra had 
been acquired, the tube was opened in an N2 dry bag and pre-weighed aliquots 
of t-BuOK were added directly to the NMR tube. After each addition, the tube 
was capped and shaken to aid in dissolution of the t-BuOK. If all of the t- 
BuOK did not dissolve, the solution was transferred under N2 (via pipet) into 
a new NMR tube to remove any solids from the solution. The total amount 
of t-BuOK in the NMR sample was determined by the relative integrations of 
the t-butyl resonance and amino-urea or hydroxy-carbonate resonances in the 
1H NMR.
1H and ISC NMR Kinetics Experiments in D2O
A desired amount of the bifunctional compound, either l,4,7-triaza-10- 
oxobicyclo[5.2.1]decane (1), endo-7-hydroxy-2,4-dioxa-3-oxobicyclo-
[3.3.1]nonane (127) or l,4,7,10-Tetraaza-13-oxobicyclo[8.2.1]tridecane (10) was 
weighed into a 1-dram vial and dissolved in CD3CN. The solution was then 
transferred into a Wilmad #528-PP 5 mm NMR tube. Five pL of either 1,4- 
dioxane or MeCN was then added as an internal standard. The volume of
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solution in the NMR tube was determined by visual comparison to a known 
volume of solvent placed (via a Drummond 500 mL pipet) into an identical 
NMR tube. The sample tube was then sealed with a teflon cap and !H and 13C 
NMR spectra were acquired.
In acid-catalysis experiments, 3 M DC1 in D2O was used as catalyst. pD 
values were measured at 25° C with an Ingold pH electrode (model 6030-03) 
and an Orion Digital Ionalyzer 501 pH meter. pD was taken as instrument 
reading plus 0.4.87 At desired pD levels, 1H and 13C NMR spectra were 
acquired. In base-catalysis experiments, 3 M NaOD in D2O was used as 
catalyst. Because of the interference of sodium ions with the glass pH 
electrode, pD values were determined by accurately measuring solution 
volume and NaOD concentration in solution. All prepared NaOD/D2 0  
solutions were titrated three times to obtain solution molarity. Additions of 
NaOD/D 2 0  solutions to NMR samples were made with Drummond 10,100
or 500 |iL syringes.
2-D EXSY Topomerization Rate Determination on N-Methvl-N'- 
(methylaminoethylVimidazolidin-2-one (72)
An inversion recovery pulse sequence (1 8 0 °- t  -  9 0 ° -  acq) was used to 
obtain 1H relaxation times Ti and to estimate the relaxation delay to be used 
between each pulse seqence (tdeiay = 2 .0  sec).238 pure absorption mode EXSY
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spectra were recorded from the conventional NOESY 90o-Xi-90°-TrniX-90o -acq 
phase sensitive pulse sequence with 1024 t2 and 512 ti data points and with 
time-proportional phase incrementation (TPPI). Both dimensions were 
apodized by a 60° phase-shifted sine bell window function. No zero filling 
was used in either the t2 or ti dimension. The final 2D spectra were obtained 
after Fourier transformation.
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CHAPTER V
EXPERIMENTAL SECTION: CONTROLLED RELEASE ANTIFOULING
COATINGS
I. General Methods
1H NMR Spectra (1H NMR) were obtained on either a Varian EM-360A 
continuous wave spectrometer or a Bruker AM360 FT-NMR spectrometer 
operating at 360.134 MHz. Chemical shifts are reported in parts per million 
(ppm) relative to Me4Si (8) and coupling constants (J values) are in Hertz.
Gas Chromatography (GC) was performed on a Hewlett-Packard 5890A GC 
equipped with a flame ionization detector (FID). The GC was fitted with a 
Series 530 pm methyl silicone 10 m x 0.53 mm I.D. wall coated fused silica 
capillary column. Output was recorded on a Hewlett-Packard 3392A 
Integrator. Mobile-phase nitrogen flow was kept constant at 33 mL/min. 
Ultrapure nitrogen, air and hydrogen were used. For all GC experiments, the 
following conditions were used: detector temperature, 180° C; injector 
temperature, 180° C; carrier gas flow-rate, 33 mL/min. Oven temperature 
conditions: initial oven temperature, 90° C; isothermal time, 0.15 min; ramp 
rate 1° C/sec; final oven temp, 130° C; final hold time, 2.00 min. Flame
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ionization chromatograms were interpreted by reference to retention times 
derived from comparison with pure co-injected standard mixtures.
Retention times: naphthalene, 1.12 min; y-decanolactone, 2.63 min.
High Performance Liquid Chromatography (HPLC) was performed on a 
Waters 501 Solvent Delivery System equipped with a Waters model 486 
Ultraviolet (UV) Tunable Absorbance Detector. The HPLC was fitted with a 
Nova-pak 3.9 x 150 mm Ci8 capillary column. All data collection and 
calculations were performed by Millenium 2010 Chromatography Manager v. 
1.10 on an NEC 386 computer. Output was recorded on a Hewlett-Packard 
DeskWriter. For all HPLC experiments, the mobile phase used was 50:50 
acetonitrile/water (Spectral Grade) at a 1 mL/min flow rate. Retention time: 
2-hexanoylfuran, 5.33 min.
Low Resolution Mass Spectra (MS) were obtained on a Hitachi-Perkin-Elmer 
RMU-60 mass spectrometer at the UNH University Instrumentation Center. 
Ultraviolet Spectra (UV) were obtained on a Varian Cary 219 double beam 
ultraviolet spectrophotometer. For all UV measurements, wavelength of 
maximum absorbance (Xmax) is reported in nm and molar absorptivity (e) is 
reported in L moH cm*1-
Light Microscopy was performed with an Olympus OM4 light microscope 
attenuated at 100 x magnification. A Javelin 13" color monitor was used as 
the viewer. Still photographs were taken with an Hitachi VX-527 Video 
Floppy System.
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pH Determination was performed with an Ingold pH electrode (Model 6030- 
02) connected to an Orion Digital Ionalyzer Model 501 pH meter. Prior to any 
measurement of pH, the electrode was calibrated with pH 4.00, 7.00 and 10.00 
standard buffer solutions.
n . Reagents and Solvents
y-Decanolactone (160) was used as obtained from Aldrich Chemical Co.; purity 
was confirmed by NMR and GC/MS.
2-Hexanoylfuran (161) was used as obtained from Lancaster Synthesis Co.; 
purity was confirmed by NMR.
Naphthalene obtained from Aldrich Chemical Co. was purified by vacuum 
sublimation (60° C/0.5 mm Hg) prior to use.
PolyCvinyl benzoatel (PVB) was synthesized by a modified literature method 
by solution free radical polymerization of vinyl benzoate230, which was 
prepared by transesterification of vinyl acetate.240 Mn = 1.22 x 104 Synthesis 
and purification of PVB were carried out by Melanie Brown.244 
Calgon 206 (sodium hexametaphosphate) was purchased from Aldrich 
Chemical Co.
n-Octanol was obtained from Aldrich Chemical Co.
VYHH copolymer (86% poly(vinyl chloride)/14% poly(vinyl acetate) (% 
composition by weight prior to polymerization), Mn=27,000) was obtained 
from Union Carbide Corp.
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VAGF terpolymer (81% poly(vinyl chloride)/4% poly (vinyl acetate)/15% 
poly(hydroxyalkyl acrylate, (% composition by weight prior to 
polymerization) Mn=33,000) was obtained from Union Carbide Corp.
VAGH terpolymer (90% poly(vinyl chloride)/4% poly(vinyl acetate)/6% 
poly(vinyl alcohol), (% composition by weight prior to polymerization) 
Mn=27,000) was obtained from Union Carbide Corp.
Gelatin Type A, 300 bloom from swine skin was obtained from Aldrich 
Chemical Co.
Acetonitrile (MeCN-analytical grade) was purchased from J.T. Baker Chemical 
Co. and was used without further purfication.
All deuterated solvents were stored over 3 A molecular sieves and were used 
as obtained from Cambridge Isotope Labs.
Artificial Sea Water (ASW) was prepared by the method of Z obell242 in 25 L 
bulk solutions with the following components (g L-i): NaCl, 11.114; MgCh, 
5.028; H3BO3, 0.0126; KBr, 0.046; NaHC03, 0.0914; KC1, 0.3143; Na2S04, 0.0023; 
NH4NO3, 0.0009; NaF, 0.0014. The solution was pH adjusted to 7.8+0.1 with 0.5 
M HC1 and 0.5 M NaOH; salinity was 20 parts per thousand (ppt). pH was 
measured at 25° C with an Ingold pH electrode (model 6030-03) and an Orion 
Digital Ionalyzer 501 pH meter. Distilled water was passed through a 
Millipore Ultrapurification system prior to use in ASW. . ASW was stored at 
5°C and filtered through a 0.22 pm polycarbonate filter prior to use. 
Cyclohexane (C6H 12 - analytical grade) purchased from J.T. Baker Chemical
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Co. was used without further purification.
Hexane (C6H14) was distilled from CaH2 and stored over molecular sieves. 
Methanol (MeOH - analytical grade) purchased from J.T. Baker Chemical Co. 
was used without further purification.
Methylene Chloride (CH2CI2 - analytical grade) purchased from J.T. Baker 
Chemical Co. was used without further purification.
Methyl Isobutvl Ketone (MIBK) obtained from Fisher Scientific Co. was used 
without further purification.
2-propanol (i-PrOH) was obtained from Fisher Scientific Co and distilled prior 
to use.
Tetrahvdrofuran (THF) was freshly distilled from purple sodium 
benzophenone ketyl under a nitrogen atmosphere immediately prior to use. 
Water (H2 0 -analytical grade) purchased from J.T. Baker Chemical Co. was 
used without further purification.
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HI. Analytical Methods 
Analysis of y-Decanolactone (160)
Isolation of 160 from Sea Water Matrix. Compound 160 was isolated from 
artificial seawater (ASW) in a heavier-than-water extractor and concentrated 
with a 100 mm (column length) Widmer C olu m n .243  All joints were fitted 
with PTFE sleeves. Compound 160 was isolated by continuous liquid-liquid 
extraction (CLLE), CH2CI2 being the extraction solvent. CLLE experiments to 
determine recovery of 160 after extraction were run three times at each of 
three different concentrations and twice at a fourth concentration (Table 5-2). 
For each experiment, a standard 6.09 x 10-4 M (100 mg/L) solution of 160 in 
ASW was prepared. The solution was magnetically stirred in a 500-mL 
volumetric flask for 1 h to dissolve all of 160. Homogeneity of the solution 
was ascertained by inspection for light-scattering (i.e., shining a light through 
the sample). When it was determined that the solution was homogeneous, a 
volumetric aliquot was taken and combined with a volumetric aliquot of 
fresh, filter-purified ASW in a 250-mL round-bottomed flask. The diluted 
2.94 x 10-4 M solution of 160 was stirred again for 15 minutes to insure 
homogeneity. After inspection, CH2CI2 (100 mL) was added to the flask and 
the continuous extraction apparatus was assembled (Figure 5-1). CLLE 
extraction apparatus was assembled as follows: to the 250- mL round- 
bottomed flask was attached a continuous "heavier-than" extractor. A 250- 
mL round-bottomed flask was positioned on the other end of the extractor.
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CH2CI2 (100 mL) and a boiling chip were added to this flask. On top of this 
extractor was positioned a West condenser to condense the vaporized CH2CI2. 
CH2CI2 was refluxed with a heating mantle. The system was kept under N2 
during the course of the extraction, which was carried out for 24 hours. After 
completion of extraction, the CH2CI2 solution of 160 was concentrated prior to 
addition of internal standard. Concentration was carried out by distillation of 
CH2CI2 (in a 250-mL round-bottomed boiling flask) through a Widmer 
column so as not to remove any 160. The system was kept under N2 during 
the course of the concentration step. When only 2-3 mL of solution remained 
in the boiling flask, the heat source was removed and the solution was 
allowed to cool. The solution was transferred to a 10-mL volumetric flask, 
spiked with 100 pL 7.7 x 10-3 M naphthalene in cyclohexane solution, diluted 
to 10 mL with cyclohexane and analyzed by GC. Detection limits were on the 
order of 1.00 x 10-7 m in ASW and were determined based on acquired data 
and estimation of error analysis. However, if the solution is condensed to < 1 
mL and diluted to 1 mL, the detection limit can be increased by an order of 
magnitude. Control experiments were performed on a "blank" sample of 
ASW that contained no compound 160. Upon extraction of the blank, no 
peak was seen where lactone was known to be eluted on the GC profile.
Determination of Relative Response Factor (RRF) for 160. A
160/naphthalene (internal standard) response factor curve was determined as
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follows. A stock 5.9 x 10-3 M (1000 mg/L) solution of 160 in CH2CI2 was 
prepared prior to the experiment. Naphthalene standards (7.7 x 10-3 M) in 
cyclohexane were prepared prior to each experiment. Naphthalene was 
dissolved in cyclohexane (b.p. 81°C) rather than CH2CI2 (b.p. 40°C) so as to 
minimize concentration change due to evaporation of solvent during 
transfers. Solutions of varying weight ratios were prepared by standard 
volumetric techniques (Figure 3-2; Table 5-1). A plot of known weight ratios 
of prepared solutions versus experimentally determined integrated area ratios 
provided the relative response factor (RRF). Each data point can be given 
equal or variable weighting. Weighting the origin by a factor of 103 forced the 
RRF curve to go through the origin. Weighted RRF was determined to be
0.484910.0102 (95% confidence limits). Unweighted RRF was 0.476210.0106.
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Table 5-1. y-Decanolactone (160) GC Weight Ratio: Area Ratio Results
Weight Ratio Experimentally Determined
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Error analysis. ANOVA and least squares analysis of 160 analytical technique. 
Data were collected at the various concentration ranges and results are given 
in Table 5-1. ANOVA and least squares analysis are presented in Table 5-3. 
The statistical error reported for each experiment was obtained by propagation 
of the 95% confidence limits for the mean of the three measured area ratios 
and the 95% confidence limits for the relative response factor. Comparison of 
actual and experimental values are suggestive of a systematic error which 
results in measured values that are slightly too large (see Table 5-2).
Least Squares Analysis. For relative response factor data, weighted and 
unweighted response factor and 95% confidence limits were determined from 
Least Squares v. 1.0d27243 on a Macintosh computer.
ANOVA (Analysis of Variance). An ANOVA was performed by using 
Minitab on a VAX computer. The program employed a 3x3 nested design to 
calculate variance among experimentally determined integrated area ratios at 
each of four concentrations (Table 5-3). The following abbreviations were 
used in the program:
Cl = integrated area ratio (160/naphthalene)
C2 = concentration, where
1. 2.937 x 10-4 M
2.5.874 x 10-5 M 
3. 5.874 x 10-6 M
4.5.874 x 10-7 M
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C3 = individual trials, where
1. 1st trial at given concentration (C2)
2. 2nd trial at given concentration
3. 3rd trial at given concentration
D.F. = degrees of freedom 
S.S. = sum of squares 
M.S. = mean squares 
F = F-test
P = 95% probability
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Figure 5-1. Continuous Liquid-Liquid Extraction Apparatus
18 cm






Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.














1 50.00a 5.000 5.696 ±0.3182 56.96
2 50.00 5.000 5.816 ± 0.5485 58.16
3 50.00 5.000 5.805 ± 0.4687 58.05
4 10.00b 1.000 1.112 ±0.222 11.12
5 10.00 1.000 1.024 ± 0.039 10.24
6 10.00 1.000 1.054 ± 0.073 10.54
7 1.000c 1.000 xlO-1 0.1087 ±0.0140 1.087
8 1.000 1.000 x 10-1 0.1108 ± 0.0079 1.108
9 1.000 1.000 x 10-1 0.1113 ± 0.0066 1.113
10 0.1000 1.000x10-2 0.01135 ± 0.00038 0.1135
11 0.1000 1.000x10-1 0.01146 ±0.00167 0.1146
a. 2.937 x 10-4 M
b. 5.874 x 10-5 M
c. 5.874 x 10-6 M
d. 5.874 x 10-7 M
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Table 5-3. ANOVA (Analysis of Variance) of 160 Analytical Technique
MTB > p r i n t  c l - c 3
ROW Cl C2 C3
1 0 . 5 5 1 8 1 1
2 0 . 5 5 7 0 1 1
3 0 . 5 3 1 8 1 1
4 0 . 5 6 5 2 1 2
5 0 . 5 2 7 1 1 2
6 0 . 5 7 3 4 1 2
7 0 . 5 8 0 9 1 3
8 0 . 5 4 6 6 1 3
9 0 . 5 6 1 2 1 3
10 0 . 4 9 8 3 2 1
11 0 . 4 8 7 5 2 1
12 0 . 5 5 0 1 2 1
13 0 . 4 9 3 7 2 2
14 0 . 5 0 4 3 2 2
15 0 . 5 0 2 5 2 2
16 0 . 4 9 1 1 2 3
17 0 . 5 0 5 2 2 3
18 0 . 5 1 5 0 2 3
19 0 . 5 2 6 5 3 1
20 0 . 5 3 5 9 3 1
21 0 . 5 1 2 3 3 1
22 0 . 5 3 6 3 3 2
23 0 . 5 1 3 1 3 2
24 0 . 5 4 2 8 3 2
25 0 . 5 3 0 1 3 3
26 0 . 5 2 5 0 3 3
27 0 . 5 4 1 7 3 3
28 0 . 5 3 9 7 4 I
29 0 . 5 5 1 2 4 1
30 0 . 5 5 1 7 4 1
31 0 . 5 2 0 9 4 2
32 0 .  5817 4 2
33 0 . 5 6 4 9 4 2
34 0 . 5 5 1 4 4 1
35 0 . 5 6 1 8 4 3
36 0 . 5 4 1 9 4 3
MTB > a n o v a c l - c 2 C3 (c
F a c t o r T ype L e v e l s  V a l u e s
C2 f  lxedi 4 1 2 3
C3 (C2 ) f l x e d 3 1 2 3
A n a l y s i s o f  v a r i a n c e  f o r  C l
S o u r c e DF SS MS F
C2 3 0 . 0 1 3 8 5 9 1  0 . 0 0 4 6 1 9 7 1 2 . 9 1
C 3(C2) 8 0 . 0 0 0 9 2 0 2  0 . 0 0 0 1 1 5 0 0 . 3 2
E r r o r 24 0 . 0 0 8 5 9 1 1  0 . 0 0 0 3 5 8 0
T o t a l 35 0 . 0 2 3 3 7 0 4
MTB > n o o u t f i l e
P
0.0 00
0 . 9 5 0
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A nalysis o f 2-Hexanoylfuran (161)
Determination of 2-Hexanovlfuran (161) Concentration by Direct UV 
Measurement Method . The relationship between concentration and 
absorption of 161 at a UV absorption maximum (Lambert-Beer relationship) 
was developed in each solvent separately, allowing for direct measurement of 
the inhibitor as described below.
Beer's Law Relation of 2-Hexanoylfuran (161) in Methanol. A standard 2.53 x 
10-3 M solution of 161 in methanol was prepared. Dilutions were carried out 
by standard volumetric techniques. Absorbance at X,max was determined for 
each concentration (Table 5-4). These values were plotted to obtain the molar 
absorptivity (Figure 5-2). The wavelength of maximum absorbance was 269 
nm; molar absorptivity was 12,600 L-moH-cm-i. The lower detection limit
was determined from the relationship A = ebc, where A is absorbance, e is
molar absorptivity (L-moH-cm-1), b is pathlength (1 cm) and c is concentration 
(mol-L-1). The lower detection limit for absorbance on the Cary 219 UV 
spectrometer was 0.01. Therefore, the lower limit of detection is equal to 
0.01/(1 cm x 12,600 L-moH-cm-i) = 7.94 x 10-7 M.
Beer's Law Relation of 2-Hexanoylfuran 11611 in Artificial Seawater fASWl.
A standard 3.14 x 10-3 m  solution of 161 in ASW was prepared. Dilutions
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were carried out by standard volumetric techniques. Absorbance at Xmax was 
determined for each concentration (Table 5-5). These values were plotted to 
obtain the molar absorptivity (Figure 3-5). The wavelength of maximum 
absorbance was 275.5 run; molar absorptivity was 15,400 L-moH-cm-i. The
lower detection limit was determined from the relationship A = ebc, where A 
is absorbance, e is molar absorptivity (L-moH-cm-i), b is pathlength (1 cm) and 
c is concentration (mol-L-1). The lower detection limit for absorbance on the 
Cary 219 UV spectrometer was 0.01. Therefore, the lower limit of detection is 
equal to
0.01/(1 cm x 15,400 L-moH-cm-i) = 6.49 x 10-7 M.
Beer's Law Relation of 2-Hexanoylfuran (161) in Hexanes. A standard 2.53 x 
10-3 M solution of 161 in hexane was prepared. Dilutions were carried out by 
standard volumetric techniques. Absorbance at A,max was determined for each 
concentration (Table 5-6). These values were plotted to obtain the molar 
absorptivity (Figure 5-3). The wavelength of maximum absorbance was 261.5 
nm; molar absorptivity was 15,300 L-moH-cm-i. The lower detection limit 
was determined from the relationship A = ebc, where A is absorbance, e is 
molar absorptivity (L-moH-cm-i), b is pathlength (1 cm) and c is concentration 
(mol-L-i). The lower detection limit for absorbance on the Cary 219 UV 
spectrometer was 0.01. Therefore, the lower limit of detection is equal to
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0.01/(1 cm X 15,300 L-moH-cm-i) = 6.54 x 10-7 M.
Table 5-4. UV Concentration vs. Absorbance of 2-Hexanoylfuran (161) in 
Methanol (Xmax = 269 run)
Concentration (M) Absorbance
1.00 x l(H 1.2264
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Figure 5-2
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Table 5-5. UV Concentration vs. Absorbance of 2-Hexanoylfuran (161) in
Artificial Seawater (Xmax = 275.5 nm)
Concentration (M) Absorbance
1.00 x l(H 1.4100










2.50 x 10-5 0.3329
250 x 10-5 0.3339
250x10-5 0.3335
1.00x10-5 0.1225
1.00 x 10-5 0.1227
1.00x10-5 0.1231
750 x 10"6 0.0928
750 x lO-6 0.0945
750 x lfr6 0.0936
5.00 x lO-6 0.0516
5.00 x 10-6 0.0519
5.00 x lO-6 0.0515
330
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 5-6. UV Concentration vs. Absorbance of 2-Hexanoylfuran (161) in
Hexanes (Xmax = 261.5 nm)
Concentration (M) Absorbance
1.00 x l(H 1.5126
1.00 x 1(H 1.5131









2.50 x 10-5 0.3683
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Figure 5-3














Beer's Law Relation of 2-Hexanoylfuran (161) in Isopropvl Alcohol. A 
standard 1.02 x 10-3 M solution of 161 in 2-propanol was prepared. Dilutions 
were carried out by standard volumetric techniques. Absorbance at A,max was 
determined for each concentration (Table 5-7). These values were plotted to 
obtain the molar absorptivity (Figure 5-4). The wavelength of maximum 
absorbance was 269.5 nm; molar absorptivity was 14,300 LmoH-cm-i. The 
lower detection limit was determined from the relationship A = ebc, where A
is absorbance, e is molar absorptivity (L-moH-cm-i), b is pathlength (1 cm) and
c is concentration (mol-L-i). The lower detection limit for absorbance on the 
Cary 219 UV spectrometer was 0.01. Therefore, the lower limit of detection is 
equal to
0.01/(1 cm x 14,300 L-moH-cm-i) = 7.00 x 10-7 M.
Beer's Law Relation of 2-Hexanoylfuran (161) in Tetrahydrofuran (THF1. A 
standard 9.44 x 10-4 M solution of 161 in THF was prepared. Dilutions were 
carried out by standard volumetric techniques. Absorbance at A.max was 
determined for each concentration (Table 5-8). These values were plotted to 
obtain the molar absorptivity (Figure 5-5). The wavelength of maximum 
absorbance was 266.5 nm; molar absorptivity was 14,800 LmoHcm-i. The 
lower detection limit was determined from the relationship A = ebc, where A 
is absorbance, e is molar absorptivity (L-moH-cm-i), b is pathlength (1 cm) and
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c is concentration (mol-L-i). The lower detection limit for absorbance on the 
Cary 219 UV spectrometer was 0.01. Therefore, the lower limit of detection is 
equal to 0.01/(1 cm x 14,800 L-moH-cm-i) = 6.80 x 10-7 M.
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Table 5-7. UV Concentration vs. Absorbance of 2-Hexanoylfuran (161) in
Isopropyl Alcohol (Pimax = 269.5 nm)
Concentration (M) Absorbance
1.00 xlCH 1.4100





65 0 x 1 0 5 0.9414
6 5 0 x 1 0 s 0.9425
5.00 x 105 0.6945
5.00x105 0.6935
5.00x105 0.6935
25 0 x 1 0 5 0.3329
25 0 x 1 0 5 0.3329




75 0 x 1 0 6 0.0928
75 0 x 1 0 6 0.0945
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Figure 5-4
Beer's Law Plot: 2-Hexanoylfuran in Isopropyl Alcohol
1 4 2 8 0 . 4 2 2 X  -  0 . 0 1 8
0 .5-









Table 5-8. UV Concentration vs. Absorbance of 2-Hexanoylfuran (161) in
Tetrahydrofuran (X,max = 266.5 nm)
Concentration (M) Absorbance












5.00 x 10-6 0.2117
5.00 x 10-6 0.2117
5.00 x 10-6 0.2142
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Figure 5-5

















Determination of External Standardized Calibration Curve for 2-
Hexanovlfuran (161) bv High Performance Liquid Chromatography (HPLC). A 
161 calibration curve was generated by preparing a stock 1.85 x 10-3 M solution 
of 161 in methanol prior to experiment. Dilutions of stock solution were 
prepared by standard volumetric techniques to six different concentrations, 
and two measurements were taken at each concentrations (Table 5-9). 10-|iL 
injections were made onto HPLC equipped with a 3.9 x 150 mm C18 column. 
Mobile phase was 50:50 MeCN/water at a 1 mL/min flow rate. Detection 
limits were on the order of 1.00 x 10"7 M. Correlation coefficient of calibration 
curve (Figure 5-6): 0.983. Mean Square Error: 0.045. 161 elution time: 5.33 
min.
Table 5-9. HPLC External Standardization Curve: Amount Injected (g) vs. 2- 
HF Integrated Peak Area in Elution Profile
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Figure 5-6
2-Hexanoylfuran HPLC Response Curve
2E+07
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Determination of 2-Hexanoylfuran (161) Concentration of Microcapsules 
Suspended in 2-Propanol by UV. Microcapsules of different crosslink 
densities were weighed out and dispersed in isopropyl alcohol (150 mL) in 
250-mL round bottomed flasks. In each experiment, 40 mg 105-500 pm 
microencapsulated 161 was used. Each flask was placed on a shaker table to 
agitate capsules and aliquots were taken periodically. 5 mL Aliquots were 
removed with a volumetric pipette and analyzed by UV spectroscopy.
Aliquots were replaced with freshly distilled 2-propanol subsequent to 
analysis.
Determination of 2-Hexanoylfuran (1611 Concentration of Microcapsules 
Suspended in 2-Propanol by HPLC. Determination of amount of 161 in a 
given sample was measured as follows. Microcapsules were suspended in 
isopropyl alcohol as in the previously described experiment. An aliquot (10 
pL) was taken from sample and injected directly into HPLC. Amount of 161 
in 10- pL aliquot was determined by comparison of area of 161 peak on 
elution profile to experimentally determined calibration curve.
Determination of Microcapsule Composition. 161-containing microcapsules 
(22.93 mg) were ground up with a steel spatula and placed in a Soxhlet 
thimble. Microcapsules were extracted for 96 h with methanol (100 mL) and 
examined by UV spectroscopy. The UV spectrum was compared at 269 nm to
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experimentally determined Beer's law plot for 161 in methanol to determine 
amount of 161 in methanol. Microcapsule composition was 88.8% 161,11.2% 
wall material, by weight. Following measurement, residual microcapsule 
wall material was extracted for another 72 h with no further 161 detected.
IV. Control Experiments
Stability of y-Decanolactone (1601 in Artificial Seawater (ASWL The following
experiment was performed to determine whether hydrolysis was occurring at 
a significant rate. A 2.9 x lO 4 M (50 mg/L) solution of 160 in ASW was 
prepared. A 100-mL aliquot of this solution was extracted immediately after 
preparation and 5.816 ± 0.318 mg of 160 was measured by the CLLE/ GC 
method. Another 100-mL aliquot was set aside for five days in a refrigerator 
at 4° C prior to extraction. When extracted, this sample measured 5.805 ±
0.469 mg 160.
Stability of 2-Hexanoylfuran (1611 in water at pD=7.8. A 50-mg sample of 161 
was dissolved in 10 mL D2O and pD was adjusted to 7.8 with NaOD/D20 
according to the relation pD = pH + O.4.87 NMR spectra of sample at 0 h 
and 48 h showed that no significant change had taken place at this pD. NMR 
at t= 0 h: 8 0.83 (t, 3H, J = 7.0 Hz), 1.27-1.29 (m, 4H), 1.64-1.66 (m, 2H), 2.74 (t,
2H), 6.53 (dd, 1H, J = 3.6,1.7 Hz), 7.36 (d, 1H, J = 3.6 Hz), 7.65 (d, 1H, J = 3.6 Hz). 
NMR at t= 48 h: identical to NMR at t = 0 h.
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Stability of 2-Hexanoylfuran (161) in Artificial Seawater. A 2.07 x 10-5 M 
solution of 161 in artificial seawater was prepared. Three UV spectra were 
acquired immediately after preparing the solution: Xmax was 275.5 nm and
£max was 0.6052 L moH cm-i. After 48 hours, no change in A.max or emax was 
observed.
Determination of Swellabilitv of Free Coacervate in Various Organic 
Solvents. Two 2-g samples of free coacervate were placed in duplicate tared 
125-mL Erlenmeyer flasks. To each flask was added 50 mL solvent, and flasks 
were covered with parafilm and set aside for 72 hours, at which point solvent 
was removed by vacuum filtration. Coacervate was examined for swelling by 
examination under an Olympus OM4 Light Microscope at lOOx magnification 
and by gravimetric analysis. Among MIBK, acetone, methanol, and isopropyl 
alcohol, only methanol showed any swelling of coacervate. Coacervate 
swelled by 4.2 weight percent after submersion in methanol.
V. Syntheses and Film Preparations
Microencapsulation by complex coacervation was carried out on both y- 
decanolactone (160) and 2-hexanoylfuran (161). In the microencapsulations of 
160, glutaric dialdehyde (glutaraldehyde) was initially used as the crosslinking 
reagent, but later runs employed 37% aqueous formaldehyde. Compound 161
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microcapsules were crosslinked with 37% aqueous formaldehyde (formalin). 
For microencapsulation of formaldehyde-crosslinked, 161-containing 
microcapsules, various weight ratios of formaldehyde:gelatin were used in an 
attempt to affect rigidity of microcapsule wall.
Microencapsulation of y-decanolactone (1601. An aqueous solution of Type A 
Gelatin (8.33% by weight) and an aqueous solution of sodium 
hexametaphosphate (polyphosphate, 5% by weight) were prepared prior to 
microencapsulation procedure. To the gelatin solution (120 mL) in a 1000-mL 
beaker was added 160 (19 g, 0.11 mol). The temperature of the solution was 
held at 50° C by using a constant temperature water bath. n-Octanol (100 mg, 
0.8 mmol) was added as an antifoaming agent. Emulsion was achieved with a 
Lightnin TS2010 overhead stirring apparatus equipped with a six-bladed 
turbine stainless steel impellor at 1000 rpm. Agitation was maintained at this 
level until emulsion particles were approximately 5-10 |im in diameter. Size 
determination was carried out by removing aliquots which were placed on 
glass slides and examined under a light microscope. Upon satisfactory 
emulsion formation, agitation was decreased to 150 rpm and distilled water 
(110 mL) was added to dilute the emulsion. Subsequently, sodium 
hexametaphosphate solution (20 mL, 5% polyphosphate by weight) was 
added. Upon addition of polyphosphate, the pH was measured with a glass 
electrode to be 5.40. 1 M Acetic acid was then added dropwise with the aid of a
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burette to lower the pH to 4.30. During pH adjustment, the emulsion was 
frequently checked by light microscopy to inspect for agglomeration of nascent 
microcapsules. Following pH adjustment, the reaction flask was removed 
from the constant temperature bath, and the emulsion was periodically 
monitored for wall formation by removal of an aliquot and examination by 
light microscopy. Upon detection of wall formation, nascent microcapsules 
were cooled to 0-5° C and crosslinked with 5 mL of 25% aqueous 
glutaraldehyde solution for approximately 12 hours. During this time, 
stirring was kept constant at 150 rpm. Following crosslinking, microcapsules 
were washed 3 times with 250 mL distilled water. Syloid 244 (2-12 mm silica, 
0.5 g) was then added to the microcapsules in an aqueous suspension to 
prevent capsule agglomeration during drying. The suspension was briefly 
swirled, and then microcapsules were collected in a 9.0 cm (i.d.) porcelain 
filter funnel. Filter cake was repeatedly dried with paper toweling and broken 
up by hand. Size distribution and mass balance were performed by sieving 
the microcapsules after air drying for 24 to 48 h.
Microencapsulation of 2-Hexanoylfuran (1611. The same procedure was 
performed for microencapsulation of 161 as was used to microencapsulate 
160. The only difference was 5 mL 37% aqueous formaldehyde (formalin) 
solution was used to crosslink the nascent microcapsules.
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Gelatin/Polyphosphate Free Coacervate. An aqueous solution of Type A 
Gelatin (8.33% by weight) and an aqueous solution of sodium 
hexametaphosphate (5% by weight) were prepared. Gelatin solution (120 mL) 
and distilled water (100 mL) were added to a 1000-mL beaker warmed in a 50° 
C water bath. n-Octanol (100 mg, 0.8 mmol) was added as an antifoaming 
agent. The solution was stirred at 150 rpm with an overhead stirrer 
throughout the procedure. Polyphosphate solution (20 mL) was added to the 
gelatin . The pH of solution was checked at this point and was 5.52. Glacial 
acetic acid was added dropwise to adjust the pH to 4.30. Aliquots of the 
solution were checked frequently by light microscopy and found to contain 
only clear solution. Following adjustment of pH, the solution was removed 
from water bath and cooled to room temperature. At room temperature, 
aliquots of the solution showed small transluscent spheres under the light 
microscope. The reaction vessel was cooled to 5° C and 37% aqueous 
formaldehyde (5 mL) was added to crosslink the gelatin. After stirring an 
additional 18 hours, the solids were washed 3 times with distilled water and 
collected by suction filtration. Dried particles were 5-10 pm in diameter and 
appeared yellow-gray. Yield based on total solids used in procedure was 71.5%.
VYHH Coated Epoxy Rods Containing 20% y-decanolactone (1601 (by weightl.
A 20% by weight solution of VYHH copolymer was prepared by dissolving 
VYHH (10 g) in MIBK (40 g). To this solution was added 160 (2.5 g, 1.5 x 10-2
346
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mol) with stirring until homogenous solution resulted. Epoxy rods were 
coated to a height of 6 cm with polymer by dipping them into the polymer 
solution. Each rod was then attached to a horizontal rotating apparatus 
which ensured constant film thickness on the epoxy rod. After rotating epoxy 
rod for 5 minutes, each rod was placed in a vertical holder for solvent 
removal. Solvent was evaporated from film by drying 24 h in a hood at 
ambient temperature and then in a vacuum oven (0.1 mm Hg) at ambient 
temperature for an additional 24 h. Composition of polymer was confirmed 
by dissolving coating in CDCI3 and quantification by tH NMR. The visual 
characteristics of the films were routinely observed under the light 
microscope.
VAGF Coated Epoxy Rods Containing 20% y-Decanolactone (160) (by weight).
A 20% by weight solution of VAGF copolymer was prepared by dissolving 
VAGF (10 g) in MIBK (40 g). To this solution was added 1 (2.5 g, 1.5 x 10-2 mol) 
with stirring until homogenous solution resulted. Epoxy rods were coated to 
a height of 6 cm with polymer by dipping them into the polymer solution. 
Each rod was then attached to a horizontal rotating apparatus which ensured 
constant film thickness on the epoxy rod. After rotating epoxy rod for 5 
minutes, each rod was placed in a vertical holder for solvent removal.
Solvent was evaporated from film by drying 24 h in a hood and under a
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vacuum (0.1 mm Hg) for an additional 24 h. Composition of polymer was 
confirmed by dissolving coating in CDCI3 and quantification by 1H NMR.
VAGH Coated Epoxy Rods Containing 20% v-decanolactone (160) (by weight).
A 20% by weight solution of VAGF copolymer was prepared by dissolving 
VAGH (10 g) in MIBK (40 g). To this solution was added 160 (2.5 g, 1.5 x 10-2 
mol) with stirring until homogenous solution resulted. Epoxy rods were 
coated to a height of 6 cm with polymer by dipping them into the polymer 
solution. Each rod was then attached to a horizontal rotating apparatus 
which ensured constant film thickness on the epoxy rod. After rotating epoxy 
rod for 5 minutes, each rod was placed in a vertical holder for solvent 
removal. Solvent was evaporated from film by drying 24 h in a hood and 
under a vacuum (0.1 mm Hg) for an additional 24 h. Composition of 
polymer was confirmed by dissolving coating in CDCI3 and quantification by 
NMR.
PVB Coated Epoxy Rods Containing 20% 2-Hexanovlfuran (161) fbv weight).
A 10% solution of poly(vinyl benzoate) (Mn = 1.22 x 104) in MIBK was 
prepared by dissolving PVB (246.5 mg) in MIBK (2.5 mL). The solution was 
stirred and 161 (68.7 mg, 0.413 mmol) was added. Epoxy Rods were coated 
with PVB/161 solution by dipping them to a height of 6 cm in a solution of 
the polymer. Each rod was then attached to a horizontal rotating apparatus
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which ensured constant film thickness on the epoxy rod. After rotating epoxy 
rod for 5 minutes, each rod was placed in a vertical holder for solvent 
removal. Solvent was evaporated from films under N2 flow for 24 h and 
under a vacuum (0.1 mmHg) for an additional 24 h.
Preparation of Epoxy Rods Coated With VYHH Containing 20% 2- 
Hexanovlfuran (1611 Microcapsules fbv weight!. A 20% by weight solution of 
VYHH copolymer was prepared by dissolving VYHH (1 g) in MIBK (4 g). To 
this solution was added 161-containing microcapsules (0.25 g) (see procedure: 
Microencapsulation of 2-Hexanoylfuran (161)) of size range 105 to 500 pm 
with magnetic stirring until a uniform suspension resulted. Epoxy rods were 
coated with polymer by dipping them to a height of 6 cm in polymer 
suspension. Each rod was then attached to a horizontal rotating apparatus 
which ensured constant film thickness on the epoxy rod. After rotating epoxy 
rod for 5 minutes, each rod was placed in a vertical holder for solvent 
removal. Solvent was evaporated from film by drying 24 h in a hood and in a 
vacuum oven (0.1 mm Hg) at ambient temperature for an additional 24 h. 
Following drying, rods were examined by light microscopy. Protrusion of 
microcapsules from the coating surface was observed.
Preparation of Epoxy Rods Coated With VYHH Containing 35% 2- 
Hexanovlfuran (1611 Microcapsules fbv weight!. A 20% by weight solution of
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VYHH copolymer was prepared by dissolving VYHH (2.5 g) in MIBK (10 g).
To this solution was added 161-containing microcapsules (180 mg) of size 
range 50 to 105 pm with magnetic stirring until a uniform suspension of 
microcapsules within the copolymer solution resulted. Epoxy rods were 
coated with polymer by dipping them to a height of 6 cm in polymer 
suspension. Each rod was then attached to a horizontal rotating apparatus 
which ensured constant film thickness on the epoxy rod. After rotating epoxy 
rod for 5 minutes, each rod was placed in a vertical holder for solvent 
removal. Solvent was evaporated from film by drying 24 h in a hood and in a 
vacuum oven (0.1 mm Hg) at ambient temperature for an additional 24 h. 
Rods were examined following drying protocol and found to have some 
localization of capsules on the rod surface as well as possible protrusion of the 
microcapsules above the polymer surface. Therefore, rods were clear-coated 
with 20% by weight VYHH solution in MIBK. Solvent was evaporated from 
film by drying 24 h in a hood and in a vacuum oven (0.1 mm Hg) at ambient 
temperature for an additional 24 h. Following drying, rods were examined by 
light phase microscopy. No protrusion of microcapsules from the coating 
surface was observed.
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VI. Release Protocols
Release-Rate Measurements of y-Decanolactone (160) from Vinyl (VYHH. 
VAGF. VAGH) Films. Each rod was suspended in a glass cell (4 cm i.d. x 8 
cm) containing 100 mL filter-sterilized ASW. The ASW medium was 
continually agitated with a 10-mm teflon-coated bar. At different time 
intervals, the ASW was removed and replaced with fresh ASW. ASW 
samples were analyzed for inhibitor content by the extraction/GC analysis 
technique described above. Sampling intervals depended on the release rates, 
as initial release rates drop rapidly after the first several days. After this time, 
the interval was lengthened. Data for release of 160 from VYHH is 
summarized in Tables 5-10 and 5-11 (duplicate trials). The data is plotted in 
Figure 3-3. Data for release of 160 from VAGH and VAGF is summarized in 
Tables 5-12 and 5-13, respectively, and plotted in Figure 3-4.












24 7.63 x 10-2 13.0 0.1848
72 1.03 x 10-3 0.175 0.1894
120 8.87 x 10-4 0.151 0.1933
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24 7.52 x 10-2 12.8 0.1689
72 8.81 x lfr4 0.150 0.1729
120 5.88 x 1(H 0.100 0.1755









(pg cm-2 d a y 1)
Total Release 
(mg)
24 3.29 x 10-2 5.60 0.0796
96 1.27 x 10-3 0.217 0.0889
120 0 0 0.0889
ile 5-13. Release Data 20% 160 from VAGF terpolymer
Time Incremental Incremental Total Release
(hours) Flux Flux (mg)
(pmol cm-2 d a y 1) (pg cm-2 day-1)
24 2.64 x 10-2 4.51 0.0641
96 1.43 x 10-3 0.244 0.0745
120 0 0 0.0745
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Release-Rate Measurements of 2-Hexanovlfuran (161') from Poly fvinvl 
benzoatet Rods. Each rod was suspended in a glass cell (3.5 cm i.d. x 7 cm) 
containing 60 mL filter-sterilized ASW. The ASW medium was continually 
agitated with a 10-mm teflon-coated bar. At different time intervals, the ASW 
was removed and replaced with fresh ASW. ASW samples were analyzed for 
inhibitor content by UV analysis of a 2 mL aliquot. Concentration of 161 in 
each sample was quantified by comparison to Beer's law relationship of 
concentration/absorbance (Tables 5-14 and 5-15, duplicate trials; Figure 3-6). 
Sampling intervals depended on the release rates, as initial release rates drop 
rapidly after the first several days. After this time, the sampling interval was 
lengthened.
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(pmol cm-2 d a y 1)
Incremental
Flux
(pg cm-2 d a y 1)
Total Release
(mg)
24 0.0268 4.45 0.0588
48 0.0161 2.68 0.0942
72 0.0170 2.83 0.1315
96 0.0186 3.09 0.1723
144 0.0169 2.81 0.2465
168 0.0102 1.70 0.2687
192 0.0137 2.28 0.2987
216 0.0225 3.74 0.3482
240 0.0188 3.12 0.3894
268 0.0070 1.16 0.4070
409 0.0099 1.65 0.5346
481 0.0134 2.28 0.6239
532 0.0078 1.30 0.6601
554 0.0089 1.48 0.6783
651 0.0049 0.814 0.7220
599 0.0030 0.499 0.7350
724 0.0025 0.417 0.7405
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(pmol cm-2 d a y 1)
Incremental
Flux
(pg cm-2 d a y 1)
Total Release 
(mg)
24 0.0365 6.07 0.0801
48 0.0165 2.74 0.1163
72 0.0170 3.02 0.1561
96 0.0148 2.46 0.1886
144 0.0154 2.56 0.2563
168 0.0096 1.60 0.2774
192 0.0145 2.41 0.3092
216 0.0213 3.54 0.3559
240 0.0187 3.11 0.3969
268 0.0152 2.53 0.4352
409 0.0103 1.71 05668
481 0.0133 2.21 0.6553
532 0.0075 1.25 0.6901
554 0.0101 1.68 0.7108
651 0.0049 0.814 0.7535
599 0.0021 0.349 0.7629
724 0.0037 0.615 0.7710
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Release-Rate Measurements of 2-Hexanoylfuran (1611 from Formaldehyde- 
Crosslinked Microcapsules in Isopropvl Alcohol. 40 mg 161-containing 
microcapsules of size range 105-500 pm were dispersed in 150 mL isopropyl 
alcohol in a 250-mL round-bottom flask. The medium was constantly 
agitated by placing the flasks on a swirling apparatus. Release was quantified 
by UV analysis. 1 mL Aliquots were removed from the flasks and diluted to 
10 mL with fresh isopropyl alcohol. Concentration of 161 in each sample was 
quantified by comparison to Beer's law relationship of concentration/ 
absorbance (Tables 5-16,5-17,5-18,5-19; Figures 3-8 and 3-9). Sampling 
intervals depended on the release rates, as initial release rates drop rapidly 
after the first several hours. After this time, the sampling interval was 
lengthened.
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Table 5-16. Release Data 2-Hexanoylfuran (161)-Containing Microcapsules








(pg cm-2 d a y 1)
Total Release 
(mg)
1 8.82 x 103 3.02 x 105 8.185
4.5 1.68 x 102 6.93 x 104 12.25
24.5 5.31 x 101 8.83 x 103 19.61
75.5 8.94 1.49 x 103 22.76
120.5 5.48 9.10x102 24.47
168 0.00 0.00 24.47
Table 5-17. Release Data 2-Hexanoylfuran (161)-Containing Microcapsules 








(pg cm-2 d a y 1)
Total Release 
(mg)
1 2.62 x 103 4.35 x 105 18.43
4.5 1.21 x 102 2.01 x 104 21.37
24.5 9.82 1.63 x 103 22.73
75.5 ' 1.52 2.52 x 102 23.27
120.5 4.06 6.74 x 102 24.53
168 . 0.00 0.00 24.53
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Table 5-18. Release Data 2-Hexanoylfuran (161)-Containing Microcapsules








(pg cm-2 d a y 1)
Total Release
(mg)
1 2.12x103 352 x 105 14.71
4.5 5.37 xlO1 8.92 x 103 16.01
24.5 7.63 1.27x103 17.06
75.5 7.33 1.22 x 103 17.64
120.5 3.40 5.65 x 102 18.70
168 0.00 0.00 18.70
Table 5-19. Release Data 2-Hexanoylfuran (161)-Containing Microcapsules 





(pmol cm-2 d a y 1)
Incremental 
Flux 
(pg cm-2 d a y 1)
Total Release 
(mg)
1 4.95 x 102 8.23 x 10* 3.426
4.5 1.23 x 102 2.04 x 10* 6.417
24.5 4.13 x 101 6.86x103 12.13
75.5 6.71 1.12 x 103 14.50
120.5 9.43 1.57x103 17.44
168 0.00 0.00 17.44
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Release-Rate Measurements of 2-Hexanoylfuran (161) from 2-Containing 
Composite Microcapsule/Vinyl Films. Each rod was suspended in a cell (4 
cm i.d. x 8 cm) containing 100 mL filter sterilized ASW. The ASW medium 
was continually agitated with a 10-mm teflon-coated bar. At different time 
intervals, the ASW was removed and replaced with fresh ASW. ASW 
samples were analyzed for inhibitor content by UV analysis of a 2-mL aliquot. 
Concentration of 161 in each sample was quantified by comparison to Beer's 
law relationship of concentration/absorbance (Tables 5-20, 5-21,5-22, 5-23; 
Figures 3-10 and 3-11). Sampling intervals depended on the release rates, as 
initial release rates drop rapidly after the first several days. After this time, 
the sampling interval was lengthened. Composite coatings were checked 
periodically before, during and after release rate experiments under a light 
microscope to examine for rupturing of surface microcapsules.
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Table 5-20. Release Data for 20% 2-Hexanoylfuran (161)-containing











19 1.105 184 1.919
43 0.0973 16.2 2.133
67 0.0573 9.52 2.244
139 0.0150 2.49 2343
163 0.0144 3.40 2374
187 0.0082 1.36 2.392
211 0.0124 2.06 2.420
235 0.0026 0.437 2.425
307 0.0061 1.01 2.465
379 0.0062 1.03 2.493
475 0.0011 0.188 2.500
577 Q.0031 0.521 2326
667 0.0026 0.425 2.547
739 0.0032 0.532 2368
835 0.0013 0.219 2.570
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Table 5-21. Release Data for 20% 2-Hexanoylfuran (161)-containing











19 0.7282 121 1.265
43 0.0713 11.9 1.422
67 0.0347 5.77 1.498
139 0.0134 2.22 1586
163 0.0128 2.12 1.614
187 0.0067 1.12 1.678
211 0.0082 1.36 1.646
235 0.0021 0.353 1.650
307 0.0048 0.805 1.682
379 0.0039 0.645 1.699
475 0.0011 0.181 1.704
577 0.0019 0.311 1.721
667 0.0012 0.207 1.731
739 0.0016 0.263 1.742
835 0.0006 0.108 1.743
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Table 5-22. Release Data for 35% 2-Hexanoylfuran (161)-Containing











24 37.20 6180 4.901
48 23.00 3820 7.932
72 10.35 1720 9.292
96 5.591 929.2 10.03
149 3.222 535.5 10.97
216 1.905 316.6 11.67
266 1.390 231.0 12.05
336 1.126 187.2 12.48
389 0.7331 121.8 12.69
433 0.6265 104.1 12.84
504 0.4673 77.67 13.02
552 0.2615 43.46 13.09
600 0.1734 28.82 13.14
676 0.0997 16.57 13.18
720 0.1060 17.62 13.21
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Table 5-23. Release Data for 35% 2-Hexanoylfuran (161)-Containing








(pg cm-2 d a y 1)
Total Release
(mg)
24 32.58 5415 4292
48 17.20 2860 6550
72 7.245 1204 7503
96 4.069 676.3 8.039
149 2.662 442.4 8513
216 1.505 250.1 9566
266 1.081 179.7 9.663
336 0.8266 137.4 9.980
389 0.3130 52.02 10.07
433 0.2415 40.14 10.13
504 0.0999 16.45 10.17
552 0.0947 15.74 10.19
600 0.0735 12.22 10.21
676 0.0721 11.98 10.24
720 0.0746 12.40 10.26
812 0.0683 11.35 1050
909 0.0719 11.95 1053
981 0.0702 11.67 1056
1051 0.0626 10.40 10.39
1147 0.0411 6.831 10.41
1257 0.0363 6.033 10.43
1336 0.0447 7.429 10.45
1473 0.0569 9.457 10.49
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